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ABSTRACT 
 
Radioactivity in drinking water is a concerning  international public health issue.  
Recently attention has been drawn to this issue by moves in the USA and several other 
developed countries to lower the permissible levels of naturally occurring radioisotopes 
in drinking water.  
 
The  primary  goal of this thesis is to investigate the levels of naturally occurring 
radioisotopes in drinking water supplies in the South  West of Western Australia 
particularly those that are predominately sourced from groundwater and to determine 
whether any elevated levels exist. As isotopes, such as Ra-228 and Po-210, are difficult 
to measure in low concentrations a secondary aim of the project was to develop faster, 
reliable techniques for measuring them at low levels commonly found in drinking water 
derived from groundwater.  
 
Radiochemical analysis of samples taken from 52 public drinking water supplies in 
Western Australia was carried out at the University of Vienna, Austria during 2005-
2006. All samples were analyzed for Ra-226, Ra-228 and Pb-210. Twenty five of the 
samples were analyzed for Po-210 and twenty three were analyzed for U-234 and U-
238. Ra-224 was only found in one sample. 
 
Radionuclide activities in the drinking water samples ranged from < 5.0 to 77.7 mBq L
-1 
for Ra-224, 3.2 to 151.1 mBq L
-1 for Ra-226, < 4.0 to 296.1 mBq L
-1 for Ra-228, < 2.0 
to 13.4 mBq L
-1 for Pb-210, 0.6 to 21.7 mBq L
-1 for Po-210, 0.6 to 12.8 mBq L
-1 for U-
234 and 0.4 to 14.3 mBq L
-1 for U-238. The mean concentrations were 1.5 mBq L
-1 for 
Ra-224, 32.6 mBq L
-1 for Ra-226, 47.3 mBq L
-1 for Ra-228, 0.7 mBq L
-1 for Pb-210, 
7.1 mBq L
-1 for Po-210, 3.3 mBq L
-1 for U-234 and 2.3 mBq L
-1 for U-238.    V 
 
A comparison was made to determine whether or not the 52 drinking water samples 
from Western Australia comply with the radiological safety guidelines of other 
developed countries. Particular attention was paid to potential impacts on children with 
regard to setting radiological safety parameters for drinking water. 
 
The annual dose received by the population in the sampled  Western Australian 
communities, ranged from 0.002 to 2.059 mSv y
-1 with a mean annual dose of 0.15 mSv 
y
-1. The main contributing radionuclides to the annual dose were Ra-226 and Ra-228. 
These trends are explained in terms of the local geology and groundwater resources, 
particularly the historical development of the heavy mineral sands industry along the 
southern coastline and known uranium deposits in Western Australia.   
 
Of the 52 drinking water samples tested, 94% complied with the current Australian 
Drinking Water Guidelines, 15% complied with the current Canadian, European, United 
Kingdom and the WHO’s radiological guidelines for drinking water, 12% complied 
with the US EPA’s radiological guideline for drinking water but none of the samples 
complied with the new 2006 California EPA’s Public Health Goals for Ra-226 and Ra-
228 in drinking water.  
 
Based on these findings recommendations are made about the need for further 
monitoring and possible epidemiological studies  of communities that have elevated 
levels of radionuclides in their drinking water supplies.  
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CHAPTER 1 
1.0  INTRODUCTION 
1.1  Background 
1.1.1  Preamble         
It has long been suspected that naturally occurring radionuclide concentrations in public 
drinking water (DW) supplies in Western Australia (WA) may be a potential hazard to 
human health (Toussaint, 2000). This is particularly relevant in regard to thorium (Th) 
progeny, namely radium-228 (Ra-228), and the high concentrations of Th in granite and 
laterite in WA. Furthermore, WA has approximately 30 % of the world’s high quality 
uranium (U) reserves and many of the public DW supplies in WA are derived from 
groundwater sources. However, no data have been published, to confirm that this 
potential health risk exists and certainly no independent study on this subject has ever 
been carried out in WA. This research was undertaken to improve present knowledge of 
the radioactive status of some South West (SW) of WA ground water DW supplies. 
 
1.1.2  Radionuclides and Human Health   
 
Natural background radiation is present throughout the environment. According to the 
United States Environmental Protection Agency (US EPA) radionuclides are capable of 
causing radiation biological damage in humans and some are well documented as being 
carcinogenic (US EPA, 2002). A review of the literature, including the latest version of 
the Australian Drinking Water Guidelines (ADWG), confirms that some DW supplies, 
particularly those derived from groundwater sources, may contain elevated levels of 
radioisotopes such as U, Th, Ra, lead (Pb) and polonium (Po), which may make the DW 
hazardous to human health (US EPA, 2002: ADWG, 2004: California EPA, 2006).  2 
 
Furthermore, continuing research in health physics indicates that exposure to low levels 
of ionizing radiation may be more hazardous to human health than previously thought 
(US EPA, 2001). However, this view has been disputed by the ICRP in Publication 103 
(2007) which reasserts its belief in the linear dose/response hypothesis. The 
development of the mineral sands industry and population growth along the southern 
coastline of WA over the last 50 years, suggests that an underlying environmental health 
threat may exist and is worthy of investigation. The primary aim of this project is to 
improve present knowledge of the radioactive status of representative SW of WA 
groundwater DW supplies. 
 
 
1.1.3  Background Radiation Levels in the South West of Western 
Australia    
 
The natural background gamma radiation equivalent dose rate in the sand and limestone 
environment of the Perth coastal plain (lower SW of WA) varies between 0.05 – 0.22 
µSv h
-1, the average being 0.11 µSv h
-1  (1.0 mSv y
-1) (Koeyers, 1996b: Toussaint, 
1985). However, the laterite and other granulitic rock formations
 found along the lower 
SW coast of the State, on the Perth coastal pain and in the Darling Range can deliver a 
much higher gamma radiation dose at 0.35 – 1.10 µSv h
-1 (average 0.7 µSv h
-1. 6.1 mSv 
y
-1). The radiation is emitted by potassium-40 (K-40) and uranium-238 (U-238) and 
thorium-232 (Th-232) and their progeny (Koeyers, 1996b: Efendi and Jennings, 1994b). 
Terrestrial gamma radiation levels were also measured in the study area as part of this 
project. These levels were broadly confirmed in this work (Table 2.8).  
 
The radioisotopes U-238 and Th-232 and their progeny occur in trace quantities within 
a variety of rock forming minerals (Plant and Saunders, 1996). The average abundance 
of U, Th and K in the Earth’s crust is 2.6 ppm, 10 ppm and 1% respectively (Plant and 3 
 
Saunders, 1996). Sources of terrestrial radiation found in the soil in the lower SW of 
WA are no exception. U-238 concentrations of up to 150 ppm have been found in shale 
formations within the Collie coalfields (Davy and Wilson, 1989). The average Th-232 
(Ra-228 parent) content in WA soils is approximately 10 times higher than that of the 
other States and Territories in Australia (Terry, 2002). 
 
The development of the mineral sands industry in WA since the 1950’s demonstrates 
the abundance and distribution of such materials in the lower SW region of WA. Mining 
of heavy mineral sands has occurred between Eneabba 260 kilometres (km) north of 
Perth, to Busselton, 220 km to the south and to Cheynes Bay, 22 km east of Albany 
(Figure 2.5). These deposits have formed as a result of weathering and leaching of 
minerals from parent rocks over millions of years, releasing mineral sands – ilmenite, 
zircon, rutile, monazite, garnet and kyanite, plus other light minerals, such as quartz and 
feldspar (Baxter, 1977). After these minerals were released they were washed down to 
the sea where they accumulated in deposits in ancient rivers and along coastal 
shorelines. As sea levels fell these deposits were left in concentrated areas at elevations 
of up to 95 metres (m) above present sea level with some deposits being located up to 
35 km inland (Baxter, 1977).  
 
1.1.4  Australian Drinking Water Guidelines 
 
The National Health and Medical Research Council (NHMRC) of Australia and the 
Agricultural and Resource Management Council of Australia and New Zealand 
(ARMC) made a significant amendment to the 1996 ADWG relating to radiological 
standards. This amendment increased the acceptable level or guideline value of 
radioactivity, permitted in DW from 0.1 mSv y
-1 to 1.0 mSv y
-1 (NHMRC and ARMC, 
1996-2001: NHMRC and NRMMC, 2004). It would appear that this amendment was 4 
 
made to the ADWG based upon recommendations of the International Commission on 
Radiological Protection [ICRP] (ICRP, 1991), NHMRC (1995) and the Australian 
Radiation Laboratory (ARL) now known as the Australian Radiation Protection and 
Nuclear Safety Agency [ARPANSA] (Lokan, 1998). This recommendation was based 
upon the belief that intervention with respect to radiation exposure should be cost 
effective (ICRP, 1991: NHMRC, 1995: Lokan, 1998) and that a dose level of 1.0 mSv 
y
-1 was acceptable for normal living conditions to exposure from all sources of radiation  
(ICRP, 2000: ADWG, 2004).  
 
1.1.5  US EPA’s Position on Dinking Water   
 
The United States Environmental Protection Agency (US EPA) established new 
legislation (The Final Rule) in December 2000 aimed at maintaining existing 
radiological safety parameters set in 1976 for DW supplies in affected communities and 
improving the standard of public health across North America. The Final Rule’s new 
Maximum Contaminate Levels (MCL) included beta/photon emitters of ≤ 4 mrem/year, 
gross alpha particles ≤ 15 pCi/L, Ra-226 and Ra-228 combined ≤ 5 pCi/L and U ≤ 30 
µg/L (US EPA, 2002). 
 
1.2  Purpose of this Project    
 
1.2.1  Background in Support of this Project 
 
Previous environmental radiation studies carried out in WA have confirmed the 
potential for DW supplies derived from groundwater in the SW of WA to contain 
elevated levels of radionuclides (Cooper, 1989: Thorpe, 1994: Efendi and Jennings, 
1994b: Toussaint, 2000).  5 
 
According to Toussaint (2000), a former Acting Managing Physicist of the Radiation 
Health Branch of the Department of Health of WA (DOHWA), the results to date of 
monitoring radionuclides in Australia’s public DW supplies have been controversial and 
inconsistent. This suggests difficulties with the measurement of radionuclide levels in 
DW particularly in respect to instrumentation sensitivity and a general 
misunderstanding of the nature of radioactivity itself (Toussaint, 2000).  
 
Due to the potential hazards associated with the ingestion of DW that may contain 
elevated levels of radionuclides. The purpose of this project was to determine the levels 
of U and Th progeny in public DW in the SW of WA and comment on the adequacy of 
current radiological safety standards.  
 
Thus because many SW of WA DW supplies are obtained from bores and it is well 
known that this part of Australia has natural deposits of the radioactive U and Th series 
it is possible that some of these water supplies may contain levels of radioactivity at 
concentrations which are worthy of investigation. There is at present only limited 
scientific knowledge of the radioactive status of theses SW of WA DW supplies. 
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CHAPTER 2 
2.0  LITERATURE REVIEW  
2.1   Origins of Natural Radioactivity  
 
2.1.1  Sources of Natural Radioactivity 
 
Natural radioactivity originates from both extraterrestrial sources and from radioactive 
elements within the Earth’s crust. All places on the planet exhibit natural radioactivity. 
Approximately 340 natural nuclides have been identified of which about 70 are 
radioactive (Eisenbud and Gesell, 1997). The radioactivity of the earth includes three 
major categories of radionuclides:  
 
1.  Primordial - radionuclides that possess half-lives at least comparable to the age 
of the Universe and therefore are only partially decayed to the present day.   
2.  Secondary - radionuclides that are derived from the decay of the primordials.  
3.  Cosmogenic – radionuclides continuously formed by the bombardment of stable 
nuclides by cosmic rays, primarily in the atmosphere (Eisenbud and Gesell, 
1997).   
 
A much smaller group of radionuclides are anthropologenic. These are generally fission 
products resulting from nuclear weapons testing and fission reactors. The naturally 
occurring radionuclides are differentiated into those that occur singly, Tables 2.1 and 
2.2, and those that are components of the three individual chains of radioactive 
elements, Tables 2.3, 2.4 and 2.5. It is the latter along with long-lived primordial K-40 
that are of most interest because they account for most of the external background 
radiation to which humans are exposed (Plant and Saunders, 1996: Eisenbud and Gesell, 
1997).  7 
 
Table 2.1 
Radionuclides Induced in the Earth’s Atmosphere by Cosmic Rays 
 
 
Radionuclide 
   
Typical concentrations (Bq kg
-1) 
Half-life  Major 
radiations 
Target 
 nuclides 
Air 
(troposphere) 
 
Rainwater 
Ocean 
water 
 
10Be 
 
 
1,600,000 y 
 
 
β 
 
 
N, O 
     
 
2 x 10
-8 
 
26Al 
 
720,000 y 
 
β
+ 
 
Ar 
     
2 x 10
-10  
 
36Cl 
 
300,000 y 
 
β 
 
Ar 
     
1 x 10
-5  
 
80Kr 
 
213,000 y 
 
K X ray 
 
Kr 
     
 
14C 
 
5,730 y 
 
β 
 
N, O 
     
5 x 10
-3 
 
32Si 
 
~650 y 
 
β 
 
Ar 
     
4 x 10
-7 
 
39Ar 
 
269 y 
 
β 
 
Ar 
     
6 x 10
-8 
 
3H 
 
12.33 y 
 
β 
 
N, O 
 
1.2 x 10
-3  
   
7 x 10
-4 
 
22Na 
 
2.60 y 
 
β
+ 
 
Ar 
 
1 x 10
-6 
 
2.8 x 10
-4 
 
 
35S 
 
87.4 d 
 
β 
 
Ar 
 
1.3 x 10
-4 
 
7.7-107 x 10
-3 
 
 
7Be 
 
53.3 d 
 
γ 
 
N, O 
 
0.01 
 
0.66 
 
 
37Ar 
 
35.0 d 
 
K X ray 
 
Ar 
 
3.5 x 10
-5 
   
 
33P 
 
25.3 d 
 
β 
 
Ar 
 
1.3 x 10
-3 
   
 
32P 
 
14.28 d 
 
β 
 
Ar 
 
2.3 x 10
-4 
   
 
38Mg 
 
21.0 h 
 
β 
 
Ar 
     
 
24Na 
 
15.0 h 
 
β 
 
Ar 
   
3.0-5.9 x 10
-3 
 
 
38S 
 
2.83 h 
 
β 
 
Ar 
   
6.6-21.8 x 10
-3 
 
 
31Si 
 
2.62 h 
 
β 
 
Ar 
     
 
18F 
 
109.8 m 
 
β
+ 
 
Ar 
     
 
39Cl 
 
56.2 m 
 
β 
 
Ar 
   
1.7-8.3 x 10
-1 
 
Source: Eisenbud and Gesell, (1997). 8 
 
Table 2.2 
Non-Series Primordial Radionuclides 
 
Radionuclide 
 
Half-life (y) 
 
Major radiations 
Typical crustal  
concentration (Bq kg
-1) 
 
40K 
 
1.26 x 10
9 
 
β, γ 
 
630 
50V
   6 x 10
15   γ  2 x 10
-5 
87Rb  4.8 x 10
10  β  70 
113Cd  >1.3 x 10
15  β  <2 x 10
-6 
115In  6 x 10
14  β  2 x 10
-5 
123Te  1.2 x 10
13  X rays  2 x 10
-7 
138La
   1.12 x 10
11   β, γ  2 x 10
-2 
142Ce  >5 x 10
16  Probably Stable  <1 x 10
-5 
144Nd  2.4 x 10
15  α  3 x 10
-4 
147Sm  1.05 x 10
11  α  0.7 
152Gd  1.1 x 10
14  α  7 x 10
-6 
174Hf  2.0 x 10
15  α  2 x 10
-7 
176Lu  2.2 x 10
10  e
-,  γ  0.04 
187Re  4.3 x 10
10  β  1 x 10
-3 
190Pt  6.9 x 10
11  α  7 x 10
-8 
192Pt  1 x 10
15  α  3 x 10
-6 
209Bi  >2 x 10
18  α  <4 x 10
-9 
 
Source: Eisenbud and Gesell, (1997). 
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Table 2.3 
U-238 ( U 238
92 ) 
Radioactive Decay Series 
 
 
 
Radionuclide 
 
 
Historical 
Name 
 
 
 
Half-life 
 
Major radiation energies (MeV) and intensities 
 
Alpha decay 
 
Beta decay 
 
Gamma emission 
 
U 238
92  
 
Uranium I 
 
4.51 x 10
9 y 
 
4.15 
4.20 
 
(25%) 
(75%) 
 
-------------------- 
 
-------------------- 
 
Th 234
90  
 
Uranium X1 
 
24.1 d 
 
-------------------- 
 
0.013 
0.193 
 
(21%) 
(79%) 
 
0.063c 
0.093c 
 
(3.5%) 
(4%) 
 
Pa 234
91  
 
99.87%         0.13% 
 
Uranium X2 
 
1.17 m 
 
 
 
-------------------- 
 
2.29 
 
(98%) 
 
0.765 
1.001 
 
(0.30%) 
(.60%) 
 
Pa 234
91  
 
Uranium Z 
 
6.75 h 
 
-------------------- 
 
0.53 
1.13 
 
(66%) 
(13%) 
 
0.100 
0.70 
 
(50%) 
(24%) 
 
U 234
92  
 
Uranium II 
 
2.47 x 10
5 y 
 
4.72 
4.77 
 
(28%) 
(72%) 
 
-------------------- 
 
0.53 
 
(0.2%) 
 
Th 230
90  
 
Ionium 
 
8.0 x 10
4 y 
 
4.62 
4.68 
 
(24%) 
(76%) 
 
-------------------- 
 
0.068 
0.142 
 
(0.6%) 
(0.7%) 
 
Ra 226
88  
 
Radium 
 
1,602 y 
 
4.60 
4.78 
 
(6%) 
(95%) 
 
-------------------- 
 
0.186 
 
(4%) 
 
Rn 222
86  
 
Emanation 
Radon 
 
3.823 d 
 
5.49 
 
(100%) 
 
-------------------- 
 
0.510 
 
(0.07%) 
 
Po 218
84  
 
99.98%         0.02% 
 
Radium A 
 
3.05 m 
 
6.00 
 
(∼100%) 
 
0.33 
 
(∼0.019%) 
 
-------------------- 
 
Pb 214
82  
 
 
At 218
85  
 
 
Radium B 
 
26.8 m 
 
-------------------- 
 
0.65 
0.71 
0.98 
 
(50%) 
(40%) 
(6%) 
 
0.295 
0.352 
 
(19%) 
(36%) 
 
Astatine 
 
∼2 s 
 
6.65 
6.70 
 
(6%) 
(94%) 
 
? 
 
(∼0.1%) 
 
------------------- 
 
Bi 214
83  
 
99.98%         0.02% 
 
Radium C 
 
19.7 m 
 
5.45 
5.51 
 
(0.012%) 
(0.008%) 
 
1.0 
1.51 
3.26 
 
(23%) 
(40%) 
(19%) 
 
0.609 
1.120 
1.764 
 
(47%) 
(17%) 
(17%) 
 
Po 214
84  
Tl 210
81  
 
Radium C
1 
 
164 µs 
 
7.69 
 
(100%) 
 
-------------------- 
 
0.799 
 
(0.014%) 
 
Radium C
11 
 
1.13 m 
 
-------------------- 
 
1.3 
1.9 
2.3 
 
(25%) 
(56%) 
(19%) 
 
0.296 
0.795 
1.31 
 
(80%) 
(100%) 
(21%) 
 
Pb 210
82  
 
Radium D 
 
21 y 
 
3.72 
 
(0.00002%) 
 
0.016 
0.061 
 
(85%) 
((15%) 
 
0.047 
 
(4%) 
 
Bi 210
83  
 
100%      0.00013% 
 
Radium E 
 
5.01 d 
 
4.65 
4.69 
 
(0.00007%) 
(0.00005%) 
 
1.161 
 
(∼100%) 
 
-------------------- 
 
Po 210
84  
 
Radium F 
 
138.4 d 
 
5.305 
 
(100%) 
 
-------------------- 
 
0.803 
 
(.0011%) 
 
Tl 206
81  
 
Radium E
11 
 
 
4.19 m 
 
 
 
------------------ 
 
1.571 
 
(100%) 
 
------------------- 
 
Pb 206
82  
 
Radium G 
 
Stable 
 
-------------------- 
 
-------------------- 
 
--------------------- 
 
Source: Kathren, (1984). 10 
 
Table 2.4 
Th-232 ( h T 232
90 ) 
Radioactive Decay Series 
 
 
 
Radioniclide 
 
 
Historical 
Name 
 
 
 
Half-life 
 
Major radiation energies (MeV) and intensities 
 
Alpha decay 
 
Beta decay 
 
Gamma emission 
 
Th
232
90  
 
Thorium 
 
1.41 x 10
10 y 
 
3.95 
4.01 
 
(24%) 
(76%) 
 
-------------------- 
 
-------------------- 
 
Ra
228
88  
 
Mesothorium I 
 
6.7 y 
 
-------------------- 
 
0.055 
 
 
(100%) 
 
 
………………. 
 
Ac
228
89  
 
 
 
 
Mesothorium II 
 
 
6.13 h 
 
 
 
 
-------------------- 
 
1.18 
1.75 
2.09 
 
(35%) 
(12%) 
(12%) 
 
0.34c 
0.908 
0.96c 
 
(15%) 
(25%) 
(20%) 
 
Th
228
90  
 
Radiothorium 
 
1.910 y 
 
5.34 
5.43 
 
(28%) 
71%) 
 
……………….. 
 
0.084 
0.214 
 
(1.6%) 
(0.3%) 
 
Ra
224
88  
 
Thorium X 
 
3.64 d 
 
5.45 
5.68 
 
(6%) 
(94%) 
 
-------------------- 
 
0.241 
 
(3.7%) 
 
Rn
220
86  
 
Emanation 
Thoron (Tn) 
 
55 s 
 
6.29 
 
 
(100%) 
 
 
-------------------- 
 
0.55 
 
(0.07%) 
 
Po
216
86  
 
Thorium A 
 
0.15 s 
 
6.78 
 
(100%) 
 
-------------------- 
 
……………….. 
 
Pb
212
82  
 
Thorium B 
 
 
10.64 h 
 
……………….. 
 
0.346 
0.586 
 
(81%) 
(14%) 
 
0.239 
0.300 
 
(47%) 
(3.2%) 
 
Bi
212
83  
 
64.0%         36.0% 
 
Thorium C 
 
60.6 m 
 
6.05 
6.09 
 
(25%) 
(10%) 
 
1.55 
2.26 
 
(5%) 
(55%) 
 
0.040 
0.727 
1.620 
 
(2%) 
(7%) 
(1.8%) 
 
Po
212
84  
 
 
Tl
208
81  
 
 
Thorium C
1 
 
304 ns 
 
8.78 
 
(100%) 
 
……………….. 
 
 
……………….. 
 
Thorium C
11 
 
3.10 m 
 
……………….. 
 
1.28 
1.52 
1.80 
 
(25%) 
(21%) 
(50%) 
 
0.511 
0.583 
0.860 
2.614 
 
(23%) 
(86%) 
(12%) 
(100%) 
 
 
Pb
208
82  
 
 
Thorium D 
 
Stable 
 
……………….. 
 
……………….. 
 
……………….. 
 
Source: Kathren, (1984). 
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Table 2.5 
U-235 ( U 235
92 ) 
Radioactive Decay Series 
 
 
 
Radioniclide 
 
 
Historical 
Name 
 
 
 
Half-life 
 
Major radiation energies (MeV) and intensities 
 
Alpha decay 
 
Beta decay 
 
Gamma emission 
 
U
235
92  
 
Actinouranium 
 
7.1 x 10
8 y 
 
4.37 
4.40 
4.58c 
 
(18%) 
(57%) 
(7%) 
 
……………….. 
 
0.143 
0.185 
0.204 
 
(11%) 
(54%) 
(5%) 
 
Th
231
90  
 
Uranium Y 
 
25.5 h 
 
……………….. 
 
0.040 
0.220 
0.305 
 
(45%) 
(15%) 
(40%) 
 
0.026 
0.084c 
 
(2%) 
(10%) 
 
Pa
231
91  
 
 
 
Protoactinium 
 
3.25 x 10
4 y 
 
 
4.95 
5.01 
5.02 
 
(22%) 
(24%) 
(23%) 
 
……………….. 
 
 
0.027 
0.29c 
 
(6%) 
(6%) 
 
Ac
227
89  
98.6%             1.4% 
 
Actinium 
 
21.6 d 
 
4.86c 
4.95c 
 
(0.18%) 
(1.2%) 
 
0.043 
 
(~99%) 
 
 
0.070 
 
(0.08%) 
 
Th
227
90  
 
 
 
Radioactinium 
 
18.2 d 
 
5.76 
5.98 
6.04 
 
(21%) 
(24%) 
(23%) 
 
……………….. 
 
0.050 
0.237c 
0.31c 
 
(8%) 
(15%) 
(8%) 
Fr
223
87  
 
 
Actinium K 
 
22 m 
 
5.44 
 
(~0.005%) 
 
1.15 
 
(~100%) 
 
0.050 
0.080 
0.234 
 
(40%) 
(13%) 
(4%) 
 
Ra
223
88  
 
Actinium X 
 
11.43 d 
 
5.61 
5.71 
5.75 
 
(26%) 
(54%) 
(9%) 
 
……………….. 
 
0.149c 
0270 
0.33c 
 
(10%) 
(10%) 
(6%) 
 
Rn
219
86  
 
Emanation 
Actinon (An) 
 
4.0 s 
 
6.42 
6.55 
6.82 
 
(8%) 
(11%) 
(81%) 
 
……………….. 
 
0.272 
0.401 
 
(9%) 
(5%) 
 
Po
215
84  
 
~100%     .00023% 
 
Actinium A 
 
1.78 ms 
 
7.38 
 
(∼100%) 
 
0.74 
 
(∼0.00023%) 
 
……………….. 
 
Pb
211
82  
 
 
At
215
85  
 
 
Actinium B 
 
36.1 m 
 
……………….. 
 
0.29 
0.56 
1.39 
 
(1.4%) 
(9.4%) 
(87.5%) 
 
0.405 
0.427 
0.832 
 
(3.4%) 
(1.8%) 
(3.4%) 
 
Astatine 
 
~0.1 ms 
 
8.01 
 
(~100%) 
 
………………… 
 
 
……………….. 
 
Bi
211
83  
 
0.28%         99.7% 
 
Actinium C 
 
2.15 m 
 
6.28 
6.62 
 
(16%) 
(84%) 
 
0.60 
 
(0.28%) 
 
0.351 
 
(14%) 
 
Po
211
84  
Tl
207
81  
 
Actinium C’
 
 
0.52 s 
 
7.45 
 
(99%) 
 
……………….. 
 
0.570 
0.90 
 
(0.5%) 
(0.5%) 
 
Actinium C
11 
 
4.79 m 
 
……………….. 
 
1.44 
 
 
(99.8%) 
 
0.897 
 
(0.16%) 
 
Pb
207
82  
 
Actinium D 
 
Stable 
 
……………….. 
 
……………….. 
 
……………….. 
 
Source: Kathren, (1984). 12 
 
2.2  Radionuclides  and Radioactivity in the Earth’s Crust 
Rocks and Soils 
 
2.2.1  Uranium, Thorium and Potassium 
It is widely acknowledged that U, Th and potassium (K) are the main elements in the 
Earth’s crust that provide a continuing source of heat and contribute to natural terrestrial 
radioactivity on the planet (Plant and Saunders, 1996). The average abundance of U, Th 
and K in the Earth’s crust is 2.8 ppm (parts per million), 10 ppm (Plant et al., 2003) and 
1% respectively (Plant and Saunders, 1996). Typical ranges for U and Th concentrations 
in the Earth’s crust are 1.5 – 6.5 ppm and 6 - 20 ppm respectively (Vesterbacka, 2005).  
 
U has two main isotopes, namely U-238 and U-235 which exist at the present time in 
the proportion of 99.3% and 0.7% respectively (Plant and Saunders, 1996). Th-232 is 
the most abundant Th isotope. K has three natural isotopes namely K-39, K-40 and K-
41 which exist at the present time in the proportion of 93.08%, 0.012% and 6.9% 
respectively. Only K-40 is radioactive (Plant and Saunders, 1996).  
 
2.2.2  Uranium and Thorium Content in Rocks 
U and Th are incorporated into late crystallizing magmas and residual solutions because 
of their large ionic radii which prevented them from existing in early crystallizing 
silicates (Vesterbacka, 2005).  The main rock types which contain U and Th are igneous 
granites, metamorphic pegmatites sedimentary rocks (Vesterbacka, 2005). Typical 
ranges of U and Th found in various types of rocks based on data from different 
continental and oceanic island sites are shown in Table 2.6.   
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Table 2.6   
 
Uranium and Thorium Contents of Different Rock Types Based on Data from 
Continental and Oceanic Island Sites 
Rock Type  Name  Uranium 
(ppm) 
Thorium 
(ppm) 
Igneous 
(Formed from magma) 
granites, granodiorities 
and rhyolites, 
gabbros, 
basalt 
2.2 - 6.1 
 
0.8 
0.1 - 1 
8 - 33 
 
3.8 
0.2 - 5 
Metamorphic 
(Re-crystallized rocks)  
granulites 
gneiss 
schist 
slate 
phyllite 
4.9 
2.0 
2.5 
2.7 
1.9 
21 
5 - 27 
7.5 - 19 
7.5 
5.5 
Sedimentary 
(Rocks formed by 
interpose or hardened in 
the water or in dry land) 
 
shales (black) 
bauxite 
phosphates 
peat 
limestone 
3 - 1250 
11.4 
50 - 300 
1 - 12 
2 
- 
49 
1 - 5 
1 - 5 
0 - 24 
 
Source: Vesterbacka, (2005). 
 
 
2.2.3  Geology of Western Australia 
 
The Earth's crust that underlies WA is comprised of a wide variety of rocks (Figure 2.1) 
including the Yilgarn Craton, which is located in the Southern region of WA and of 
greatest interest to this thesis. Some of these rocks contain the most ancient on Earth, 
with mineral grains up to 4.2 billion years old, while the youngest sediments are still 
being deposited (Geological Survey of WA, 2004). Of greatest interest to this thesis is 
the Yilgarn Craton which is located in the Southern region of WA (Figure 2.2). 
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2.2.4  Geology of the South West of Western Australia 
 
Some of the geological formations that underlie the SW of WA include: the Lesueur 
Sandstone Formatiom, the Yarragadee Formation, the Parmelia Formation, the Warnbro 
Group, the Leederville Formation, the Rockingham Sand, the Tamala Limestone 
Formation, the Leschenault Formation, the Becher Sand and the Safety Bay Sand 
(Koeyers, 1996e). According to Baxter (1977), the Leederville and Yarragadee 
Formations may have contributed to fossil mineral sands shoreline deposits within the S 
W of WA. It is believed that the sedimentary material of these Formations may have 
been derived from provenances occurring within the Yilgarn Craton. The Leederville, 
Osborne and particularly the Yarragadee Formation are believed to have been an 
immediate source of the formation of heavy minerals to coastal deposits. These heavy 
minerals have formed via the process of weathering and breakdown of granitic rock 
over millions of years (Koeyers, 1996e). According to the Department of Fisheries of 
WA (DFWA), the region is mostly underlain by granites, which range from fine to 
coarse grained and porphyritic. The other dominant rock types are gneisses, 
metamorphosed sedimentary rocks including schists, chert and banded iron (DFWA, 
2004b). There are also small areas of greenstone belt, dominantly basalt, fine-grained 
metamorphosed sediments, and chert, which occur near Southern Cross, Ravensthorpe, 
Wongan Hills, Perenjori, and Boddington (DFWA, 2004b).  
 
According to Koeyers (1996e), Heavy mineral sands deposits in the SW of WA can be 
found along the coastline in beaches, sand dune complexes and ancient inland-lying 
beach deposits such as the Yoganup strandlines in the Capel area. These heavy mineral 
sands are comprised of hard weathering minerals such as quartz and heavy mineral 
sands such as ilmenite, rutile, leucoxene, garnet, zircon, monazite and xenotime. These 16 
 
minerals naturally contain traces of U-238 and Th-232 and their progeny. Figure 2.2 
shows the geology of the SW of WA. 
 
 
 
   Figure 2.2     Geology of the South West of Western Australia. 
           Source: DFWA, (2004b). 
 
2.2.5  Geology and Groundwater Potential in the South West of 
Western Australia 
 
Details  of aquifers in the SW of WA are limited as  few bores have been tested 
adequately for groundwater yield and there has been very little drilling reported in the 
crystalline bedrock. The granite bedrock is commonly weathered to form a saprolite 
profile that consists of an upper zone of kaolinite (white clay) in which the quartz grains 
are dissolved or partially dissolved and the felspars altered to clay, overlying a gritty 
zone of quartz grains which may pass downwards into a weathered rock (saprock) 17 
 
where the quartz and felspar grains are separated. These ‘saprolite grits' are the main 
aquifer and may yield as much as 100 kL/day (DFWA, 2004b).  
 
The gneissic bedrock is not as prospective for high groundwater  yields because the 
grain size is finer and the weathered profile more clayey. Metamorphic rocks within the 
general areas of gneiss in the Darling Range have a variety of rock types, including 
quartzites,  which can provide significant supplies. Quartz veins can also have high 
potential for good yields although they are not common. Dolerite dykes are less likely to 
yield good groundwater supplies although the weathered margins may yield water in the 
saprock and fractured zones. Fracture zones in the unweathered bedrock, especially the 
prominent fault zones in the southwest part of the region may have significant potential 
for groundwater yield (DFWA, 2004b).  
 
Sedimentary rocks of the Moora Group along the western margin of the region between 
Moora and Coorow  are  also  known to be fissured  and contain large  caverns  with 
significant potential for high groundwater yields. The Stirling Range Formation and 
Kundip Quartzite (near Ravensthorpe) are also believed to have potential where rocks 
are fractured. Palaeochannel sands (former river beds) are the most prospective aquifers 
in the region although groundwater salinity is high. These sands are located at the base 
of buried palaeovalleys located within broad wheatbelt valleys. Sandplain seeps locally 
discharge low-salinity groundwater although the storage is low and the seepage 
dependent on annual rainfall. Such supplies range from 5 to 20 kL/day (DFWA, 2004b).  
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2.2.6  Geology and Groundwater Potential of Broome Western 
Australia 
The Broome townsite is located in the North West of WA and although it was not 
within the study area of this project. The results of radiochemical analysis of public DW 
collected during this project from this townsite have nevertheless been included due to 
their significance. According to the DFWA (2004c) the Broome area is underlain with 
two aquifer systems, the unconfined Cretaceous (66-144 million years old) Broome 
Sandstone and the confined Jurassic (144-213 million years old) Wallal Sandstone 
stretching along the coast from Pardoo to Cape Leveque. These aquifers are separated 
by the Jarlemai (Jurassic) Siltstone and extend approximately 150 km inland (DFWA, 
2004c). Figure 2.3 shows the coastal area of Broome of WA. 
 
 
          Figure 2.3     Coastal area of Broome Western Australia. 
 
            Source: DFWA, (2004c). 19 
 
The Wallal Sandstone and the Alexander (Jurassic) Formation together comprise a large 
aquifer which underlies most of the North West part of the Canning Basin from Cape 
Leveque to Pardoo and overlies the Permian (253-286 million years old) Canning Grant 
and the Canning Liveringa formations. The aquifer is unconfined in the interior of the 
Great Sandy Desert and underlies the Jarlemai Siltstone and the Broome sandstone 
aquifer  that extends along the coast  (DFWA,  2004c).  The Wallal and Alexander 
formations  together  are several hundred metres thick  and the groundwater level is 
believed to be as much as a hundred metres deep beneath the interior of the Great Sandy 
Desert. Along the coast and near King Sound bores are artesian. Groundwater salinity is 
approximately 0.3 ppt in the south west part of the Canning Basin near Pardoo and 
increases progressively to the north where is around 2.5 ppt at Broome and King Sound 
(DFWA, 2004c).  Figure 2.4 shows a hydrogeological section across the western 
Canning Basin near Broome WA. 
 
 
Figure 2.4      Hydrogeological section across the Western Canning Basin. 
            Source: DFWA, (2004c). 
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2.2.7  Sources of Terrestrial Radiation in Study Area 
 
U-238 values of up to 150 ppm have been found in shale formations within the Collie 
Coalfields (Davy and Wilson, 1989). The development of the mineral sands industry in 
WA since the 1950’s also demonstrates the abundance and distribution of heavy mineral 
sands in the SW  of WA. Figure 2.5  shows  the major mineral sand mining areas 
throughout WA.  
 
The significance of the above is twofold. First, that human settlement in WA has largely 
occurred along the coastal shorelines of the SW of WA where in many instances public 
DW supplies provided to town-sites have been derived from groundwater sources and 
second, that heavy mineral sands are known to be radioactive (Koeyers, 1996e).  
 
According to the Department of Mines of WA, from a regulatory perspective, a 
radioactive mineral generally refers to material that contains more than 0.02% of U and 
0.05% of Th (Koeyers, 1996d). Table 2.7 shows the radioactive content of some of the 
various minerals associated with the mineral sands mining industry. U deposits have 
also been found in WA (Figure 2.6).  
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Table 2.7 
Percentage of Radioactive Content of Some Minerals  
Associated with the Mineral Sands Mining Industry 
 
Mineral 
 
Radionuclide 
 
Typical % Per Mineral 
Monazite 
 
Thorium 
 
6 - 7 
 
Uranium 
 
0.1 - 0.3 
 
Xenotime 
 
 
 
Thorium 
 
1.5 
 
Uranium 
 
0.4 
 
Rutile 
 
 
Thorium 
 
0.01 
 
Uranium 
 
0.003 
 
Mineral sands  
Concentrate 
 
 
Thorium 
 
0.03 - 0.06 
 
Uranium 
 
0.003 
 
Zircon 
 
 
Thorium 
 
0.015 
 
Uranium 
 
< 0.015 
 
Ilmenite 
 
 
Thorium 
 
0.005 - 0.05 
 
Uranium 
 
0.003 
 
Mineral Sands Ore 
 
 
Thorium 
 
0.003 - 0.006 
 
Uranium 
 
0.003 
Source: Koeyers, (1996d). 
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Figure 2.5     Major mineral sand mining areas of Western Australia.  
Source: The Chamber of Minerals and Energy, in: Mineral Sands Fact Sheet, October       
(2003). 
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2.2.8  Natural Background Radiation Levels in the South West of 
Western Australia 
 
The natural background gamma radiation levels measured in the SW of WA during 
2000-2006 are presented in Table 2.8.  
 
Table 2.8 
 Natural Background Gamma Radiation Levels  
Measured in the South West of Western Australia During 2000-2006 
Region  Location  Surface Geology  µSv h
-1  mSv y
-1 
P
e
r
t
h
 
P
e
e
l
 
R
e
g
i
o
n
  Ardross - Perth  White-grey-yellow sands  0.10  0.88 
Settlers Hills - Perth  White-grey-yellow sands  0.11  0.96 
Secret Harbour  White-grey-yellow sands  0.10  0.88 
Mandurah Townsite  White-grey-yellow sands  0.10  0.88 
Meadow Springs - Mandurah  White-grey-yellow sands  0.11  0.96 
Port Bouvard - Mandurah  White-grey-yellow sands  0.09  0.79 
S
o
u
t
h
e
r
n
 
W
h
e
a
t
b
e
l
t
 
R
e
g
i
o
n
 
 
Pingelly Townsite  Orange gravel, pinkish granite  0.25  2.19 
Popanyinning Gravel Pit  Yellow gravel  0.78  6.83 
Popanyinning Gravel Pit  Orange gravel  0.45  3.94 
Williams Gravel Pit  Orange red gravel, white clay  0.33  2.89 
Duranillin Townsite  Orange gravel, orange clay  0.15  1.31 
Lake Towerrinning  White-brown sand  0.10  0.88 
Darkan Townsite  Orange gravel, red clay  0.25  2.19 
Wickepin Townsite  Orange gravel  0.30  2.63 
Yealering Townsite  Orange yellow gravel  0.78  6.83 
Wickepin Yealering Road-side  Yellow gravel  1.40  12.26 
Lake Yealering Foreshore  White-brown sand  0.15  1.31 
Narrogin Townsite  Orange-red gravel, orange clay  0.25  2.19 
Yillaminning Rock North Side  Black granite inselberg 48 m high  0.50  4.38 
Yillaminning Rock West Side  Black granite inselberg 48 m high  1.10  9.64 
Gravel Pit Nth Yillaminning Rock  Yellow gravel  1.20  10.51 
Wandering Townsite  Black granite, orange-white clay  0.33  2.89 
S
o
u
t
h
 
W
e
s
t
 
R
e
g
i
o
n
 
 
Burecup Townsite  Orange gravel, orange clays  0.18  1.58 
Picton - East Bunbury  White-grey sands, orange clay  0.09  0.79 
College Grove - Bunbury  White-grey sands, orange gravel  0.12  1.05 
Bunbury CBD  White-grey sands  0.09  0.79 
Busselton Townsite  White-grey sands  0.08  0.70 
Ludlow  White-grey sands  0.10  0.88 
Capel Townsite  Orange gravel, orange-red clay  0.19  1.66 
Preston Beach Townsite  White-grey sands  0.10  0.88 
Peppermint Beach Townsite  White-grey sands  0.11  0.96 
Boyanup Townsite  Orange gravel, orange clay  0.17  1.49 25 
 
Table 2.8 continued 
 
S
o
u
t
h
 
W
e
s
t
 
R
e
g
i
o
n
 
Myalup Townsite  White-grey-yellow sands  0.12  1.05 
Australind Townsite  White-grey-yellow sands  0.13  1.14 
Eaton Townsite  White-grey-yellow sands  0.12  1.05 
Dunsborough Townsite  White-grey sands  0.10  0.88 
Yallingup Townsite  Limestone, white sands  0.09  0.79 
Margaret River Townsite  Orange gravel, orange-red clay  0.17  1.49 
Gravel Pit Margaret River  Orange gravel, orange-red clay  0.14  1.23 
Karridale Townsite  Orange gravel, orange-red clay  0.22  1.93 
Augusta Townsite  Orange gravel, orange-red clay  0.26  2.28 
Mount Barker Townsite  Orange gravel, orange clay  0.25  2.19 
Albany Townsite  Grey granite, orange clay  0.26  2.28 
 
 
2.3  Geochemistry and Radionuclides in Groundwater 
 
2.3.1  Occurrence of Radionuclides in Groundwater 
 
According to the United States Geological Survey (USGS) naturally occurring 
radionuclides are found in all rocks, soil and water (USGS, 1998: USGS, 1999) and the 
occurrence of radionuclides in groundwater is due to interactions with rocks and soils 
(Vengosh, 2006). The concentrations of these elements within the groundwater depend 
upon the combination of several factors. These factors include the initial concentrations 
of the radionuclides present in the aquifer rocks, chemical reactions such as dissolution 
and desorption and the physical processes such as erosion or atomic recoil by 
radioactive decay along the water-rock interface (USGS, 1998: Vesterbacka, 2005: 
Vengosh, 2006).  
 
Geology is the first factor that determines the radioactivity of groundwater. Sedimentary 
rocks such as shale and phosphate rocks are predominantly enriched in U and therefore 
Ra-226, a progeny of the U-238 decay chain will be present in the groundwater 
(Vengosh, 2006). Similarly silica-rich igneous rocks such as granite are predominantly 
enriched in both U and Th and thus Ra-226 and Ra-228 will be found in the 26 
 
groundwater (Vengosh, 2006). The second factor that controls mobilization of 
radionuclides from the aquifer rocks into the groundwater is the chemical condition of 
the groundwater itself. These chemical conditions include acidity (pH), salinity, 
temperature and oxygen content within the groundwater. The geochemical properties of 
each radionuclide also determine its presence in groundwater (Vengosh, 2006).  Ra for 
example can be prevented from getting into groundwater by sorption onto clay minerals 
or precipitation with secondary minerals.  Studies have shown that high Ra 
concentrations in groundwater are associated with low pH and high nitrate 
concentrations caused by agricultural pursuits, particularly surface runoff and recharge 
of groundwater which induces nitrification which reduces the pH (USGS, 1998: 
Vengosh, 2006). These conditions enhance the extraction of radium from exchange sites 
on clay minerals into the groundwater. Salinity also influences the concentration of Ra 
in groundwater. If the water is fresh, most of the Ra remains in the aquifer rocks, 
whereas in saline conditions the radium escapes from the rocks (US EPA, 2006: 
Vengosh, 2006: Vesterbacka, 2005).  
 
The presence of oxygen in groundwater also has a major influence on Ra concentrations 
in groundwater. Studies indicate that high Ra concentrations in oxygen free water are 
associated with the mobilization of manganese, as the presence of oxygen enables 
radium to bond strongly to manganese whereas with depleted oxygen, the manganese 
becomes unstable and both the Ra and manganese are released into the groundwater 
(Vengosh, 2006). The temperature of groundwater also enhances the release of Ra from 
rocks where higher Ra concentrations are associated with a higher temperature of 
groundwater (Vengosh, 2006).   
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The transport of radionuclides in groundwater largely depends on the transport of 
particles and colloids because they both adsorb radionuclides in groundwater 
(Vesterbacka, 2005). The size of colloids cannot exactly be defined but they are well 
dispersed and they have a very low settling velocity. Colloids in groundwater consist 
mainly of fine clay particles, silica, iron and manganese hydroxides, humic and fulvic 
acids and humic compounds closer to the surface. Colloids containing radionuclides are 
either carrier colloids or intrinsic colloids (Vesterbacka, 2005). Carrier colloids occur 
where radionuclides are adsorbed or co-precipitated onto colloids that are formed by 
other elements which include iron, manganese, other metal hydroxides and oxides and 
humic and fulvic acids. Intrinsic colloids are particles which are formed by a 
radionuclide element and are less common as the total concentration of radionuclides in 
groundwater is often so small that formation is not possible (Vesterbacka, 2005).  
 
2.3.2  Disequilibrium of Radionuclides in Groundwater 
 
Under normal conditions radioactivity from the U-238 and Th-232 decay series is at 
equilibrium within the Earth’s crust. This is referred to as radioactive secular 
equilibrium and occurs when the radioactivity concentration of the progeny is equal to 
the parent and the radioactivity concentration decreases depending upon the half-life of 
the parent radionuclide.  However, in groundwater other chemical and physical 
processes also influence the radioactivity concentrations of each radionuclide in 
groundwater and disequilibrium occurs (Vesterbacka, 2005). The prerequisites for the 
transportation of U, Ra and Rn in groundwater depend upon the presence of fractures 
and the degree to which these fractures are connected in the bedrock (Skeppstrom and 
Olofsson, 2007). It is the different chemical and physical properties of radionuclides 
that determine their ability to dissolve and move in water that causes disequilibrium in 
groundwater (Vesterbacka, 2005). U and Ra are solutes and Rn is a gas and all are 28 
 
transported in groundwater by different mechanisms. In rock minerals U in the +4 
oxidation state is immobile at low temperatures and pressures. However, if the 
groundwater in the rock fracture contains an appreciable amount of dissolved oxygen U 
is oxidized to a more mobile +6 state (UO2
+2) and the leached U gets into solution and is 
transported with the groundwater (Skeppstrom and Olofsson, 2007). The presence of Ra 
in groundwater is determined by adsorption and cation exchange processes where it is 
easily removed from solution by adsorption onto clays and rock silicates or by 
coprecipitation with insoluble sulphates. Ra also appears to be stable in solution where 
high concentrations of Ca
2+, Mg
2+ and Cl
- exist as these ions compete for adsorption site 
space. As the hydrogeochemical processes occur within rock fractures U and Rn may be 
enriched on the surface of the fractures which can result in elevated Rn concentrations 
occurring in groundwater compared to the concentration of Rn in surrounding rock. 
This process results in disequilibrium of radionuclides in groundwater (Skeppstrom and 
Olofsson, 2007).  
 
 
2.4  Radionuclides Found in Drinking Water Supplies 
 
2.4.1  Australia 
   
According to Lokan (1998),  there is very limited  quantitative information available 
about the levels of radionuclides in Australian groundwater. However, what is known is 
that groundwater in rural areas is likely to contain higher levels of dissolved minerals 
compared to urban water sources, which are commonly derived from surface reservoirs. 
In many cases, areas dependent upon groundwater are prospective for U and are likely 
to contain higher concentrations of dissolved U and its progeny, particularly Ra-226 
(Lokan, 1998).  
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Previous research indicates that some public DW supplies may contain elevated levels 
of radionuclides. A survey carried out by the ARL in the late 1980s looked at the 
radionuclide content of DW supplies in Australia. The survey revealed that WA had 
significantly higher concentrations of Ra-226, Ra-228 and K-40 in DW supplies than 
the other States and Territories (Cooper, 1989). The results of that survey are shown in 
Table 2.9.  
 
Table 2.9 
 
Levels of Radionuclides Previously Found in Australian Drinking Water Supplies  
 
State 
No. of Supplies 
Analysed 
Range of Radionuclide 
Concentrations (mBq/L) 
 
No. 
Exceeding 
Guidelines 
 
Surface 
 
Ground 
 
Ra-226 
 
Ra-228 
 
K-40 
 
Victoria 
 
17 
 
- 
 
< 10 
 
< 15 
 
15 – 50 
 
0 
 
New South Wales 
 
13 
 
1 
 
< 10 – 50 
 
< 15 – 20 
 
20 – 80 
 
0 
 
Queensland 
 
10 
 
9 
 
< 10 – 25 
 
< 15 – 40 
 
12 – 270 
 
0 
 
South Australia 
 
9 
 
- 
 
< 10 
 
< 15 
 
13 – 210 
 
0 
 
Western Australia 
 
4 
 
10 
 
< 10 – 90 
 
< 15 – 150 
 
29 – 660 
 
2 
 
Tasmania 
 
8 
 
- 
 
< 10 
 
< 15 
 
4 – 18 
 
0 
 
Northern Territory 
 
1 
 
3 
 
< 10 – 70 
 
< 15 -160 
 
4 – 210 
 
1 
 
Australian Capital 
Territory 
 
4 
 
- 
 
< 10 
 
< 15 
 
13 - 50 
 
0 
 
Source: Cooper of ARL, (1989). 
  
 
In 1992 a further survey was carried out in the Perth metropolitan area of WA (Efendi 
and Jennings, 1994a). The survey looked at the concentrations of radon (Rn-222) and 
Ra-226 found in groundwater samples derived from various types of soils. The results 
of that survey conducted are shown in Table 2.10.  30 
 
Table 2.10 
 
Average Rn-222 and Ra-226 Concentrations in Water Samples 
Collected from Bores and Wells in the Perth Metropolitan Area 
 
Soil Type 
 
No. of 
Samples 
 
Mean Radon 
(Bq/L) 
 
Range 
 
Mean Radium 
(Bq/L) 
 
Range 
 
Granites & Laterites 
 
16 
 
73.1 
 
6.3 – 182.5 
 
0.2 
 
0.02 – 0.37 
 
Coastal Plain 
(Clay & Loam overlying 
laterite & granite) 
 
 
4 
 
 
4.6 
 
 
3.3 – 6.9 
 
 
0.1 
 
 
0.09 – 0.14 
 
Coastal Plain 
(Leached quartz sand) 
 
6 
 
3.8 
 
1.9 – 4.2 
 
0.09 
 
0.04 – 0.14 
 
Lime beach sand 
 
8 
 
1.7 
 
0.5 – 3.0 
 
0.05 
 
0.03 – 0.09 
 
Source: Efendi and Jennings, (1994a). 
 
 
 
 
The Water Authority of WA (WAWA) now known as the Water Corporation of WA 
(WCWA) also carried out a survey in 1992 which looked at Rn-222 levels in some of its 
sources of DW  supplies  throughout WA. The survey did not look for other 
radionuclides. This report has not been published and the survey was a one-off sampling 
program. The average concentrations of Rn-222  in reticulated DW  supplies at the 
source in the Great Southern and SW of WA  were 31.2 Bq/L  and 14.9 Bq/L 
respectively (Thorpe, 1994). There is currently no standard in Australia for Rn-222 
content in DW. The results of the WAWA survey carried out are shown in Table 2.11.  
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Table 2.11 
Radon-222 Content of Groundwater in 
Western Australian Public Drinking Water Sources 
 
Region 
 
Type 
 
No.  
of Samples 
 
Radon (Bq/L) 
Average   Population 
SD 
Range  
Perth 
Unconfined aquifer 
 
Confined aquifer 
 
Source 
 
67 
 
8.3 
 
10.8 
 
1.7 – 81.2 
 
Source 
 
25 
 
11.8 
 
5.8 
 
4.1 – 31.9 
 
Retic. 
 
6 
 
1.6 
 
0.4 
 
0.9 – 2.0 
 
Great Southern 
 
Source 
 
6 
 
31.2 
 
18.3 
 
3.1 – 53.8 
 
Retic. 
 
4 
 
3.0 
 
1.6 
 
1.2 – 5.6 
 
South West 
 
Source 
 
20 
 
14.9 
 
7.6 
 
5.2 – 38.4 
 
Retic. 
 
12 
 
5.8 
 
7.3 
 
1.1 – 24.4 
 
Source: Thorpe of Geological Survey of WA, (1994 Unpublished). 
 
 
2.4.2  Other Countries 
There have been numerous studies that have previously looked at the concentrations of 
radionuclides in DW supplies in other countries. A summary of some of these studies is 
presented in Table 2.12.  
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Table 2.12   
Summary of Concentrations of Natural Radionuclides 
in Groundwater in Various Countries 
 
D = Drilled Well, G = Groundwater (Dug Wells and Springs), 
T = Tap Water, DW = Drinking Water, M = Mineral Water. 
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Table 2.12 continued 
 
D = Drilled Well, G = Groundwater (Dug Wells and Springs), 
T = Tap Water, DW = Drinking Water, M = Mineral Water. 
 
Source: Vesterbacka, (2005). 
 34 
 
2.5  Geographical Location of Study Area 
2.5.1  Location of Study Area 
WA is located on the western side of the Australian continent and abuts the Indian and 
Southern Oceans. Figure 2.7 shows the land mass known as Western Australia. 
 
Figure 2.7     Map of Western Australia. 
Source: Department of Land Information Government of Western Australia, (2006). 
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Figure 2.8 shows the region of Western Australia known as the South West of Western 
Australia. 
 
 
 
Figure 2.8      Map of the South West of Western Australia. 
Source: Department of Land Administration, Government of Western Australia, (2006). 36 
 
2.6  Western Australia’s Drinking Water Resources 
 
2.6.1  Surface Water Sources 
 
Surface water sources are comprised of water catchment areas and dams or reservoirs. 
The major surface water sources are located in the Perth (Capital city of WA) 
metropolitan area and include the Canning Dam, Churchman Brook, Mundaring Weir, 
North Dandalup and South Dandalup, Serpentine Dam, Victoria Dam and Wungong 
Dam (WCWA, 2006).  
 
 
2.6.2  Groundwater in Western Australia  
 
The largest bodies of groundwater are found in extensive deposits of sand or sandstone 
and  cover 40% of  WA. According to the Water and Rivers Commission of WA 
(WRCWA), these bodies are called sedimentary basins and can be up to 20 km in depth 
(WRCWA, 1998). Fresh groundwater generally occurs in the uppermost few hundred 
metres of the aquifers but it can extend down to a depth of 3 km. However, below this 
depth the groundwater is mostly saline.  
 
The confined aquifers in the sedimentary basins contain most of the state’s groundwater 
resources. The Canning Basin contains the largest amount of stored groundwater. Figure 
2.8.3 shows the location of groundwater sources for the Perth metropolitan area. The 
remaining 60% of WA is made up of hard crystalline basement rocks such as granite 
and basalt, or of sedimentary rocks which have no pore spaces or fractures that allow 
water to permeate to form sources of groundwater (WRCWA, 1998). 
 
The confined aquifers in the sedimentary basins contain most of WA’s groundwater. 
The largest groundwater resource is believed to be the Canning Basin, which is thought 
to have a storage capacity of over 12 million GL (WRCWA, 1998). The annual 37 
 
renewable amount of groundwater in the sedimentary basins that is fresh enough to 
contribute to water supplies is estimated to be about 2,500 GL per year. Approximately, 
1,400 GL of this occurs in the Perth Basin and is approximately twelve times Perth’s 
current scheme water consumption (WRCWA, 1998). The majority of country towns 
including Bunbury, Busselton, Geraldton, Port Hedland, Broome (WRCWA, 2000) and 
other towns highlighted in this study rely entirely on groundwater as their public DW 
source. Some townsites use a mixture of groundwater and surface water collected from 
water catchments that is stored in dams (WRCWA, 2000). Approximately 30% of the 
water supplied to the city of Perth comes from groundwater supplies (WRCWA, 2006). 
Figure 2.9 shows the distribution of WA’s major groundwater resources.  
 
 
2.6.3  Western Australia’s Declining Water Resources 
 
The WCWA has estimated that by 2031 Perth alone will require another 150 GL of 
fresh  water  per annum. The anticipated increase in water demand is due to a 20% 
increase over two decades of domestic water consumption and an expected population 
growth of 1.7% per annum up to 2031. However, climate change has identified a 
problem in that declining rainfall has resulted in runoff into Perth’s dams dropping by 
66% in the last 7 years (WCWA, 2004). It would appear that the water crisis has been 
coming for many years with the average annual rainfall runoff into the region’s water 
supply catchments during 1911-1974 being 338 GL compared to 167 GL during the 
period 1975-2001 (Hatton, 2002). According to the WRCWA the SW has experienced a 
similar decline in rainwater runoff into the region’s dams (WRCWA, 2002).   
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Figure 2.9        Location and estimated renewable yields of major known and    
inferred groundwater sources (gigalitres per year of groundwater less 
than 1500 mg/L TDS). 
 
Source: Allen, et al., (1992). 
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2.6.4  Groundwater Resources in the South West of Western 
Australia – The Perth Basin 
 
The groundwater body in the SW of WA is known as the Perth Basin and contains 
WA’s most important groundwater resources. It has extensive aquifers and renewable 
resources from relatively high rainfall. There are three major aquifers in the Perth Basin 
(DFWA, 2004a). They are the superficial formations on the Swan and Scott Coastal 
Plains; the Leederville Formation including the Parmelia Formation in the northeast and 
the Yarragdee Formation. There are also groundwater resources in other Cretaceous, 
Jurassic, Triassic and Permian formations  (DFWA, 2004a).  See Table 2.13.  The 
Northern Perth Basin extends from Geraldton to Perth. See figures 2.10 and 2.11. The 
Southern Perth Basin extends from Perth to the Southern Ocean and lies between the 
Darling Range and the Leeuwin-Naturalist Ridge. See figures 2.12 and 2.13. 
 
The SW  Yarragadee groundwater formation is considered to be the most 
underdeveloped groundwater source which lies within the Southern Perth Basin and in 
the SW of WA and has been subject to intensive investigations by the WCWA in regard 
to the proposal to abstract 45 GL of water a year to meet the regional development 
needs (WCWA, 2005b). The Southern Perth Basin is a deep sedimentary basin that 
extends to depths beyond  12  km  with the upper 1  to 2  km  containing freshwater 
(WCWA, 2005a). It is estimated that approximately 800,000 GL of fresh water is held 
in storage in the various formations of the Southern Perth Basin. This is about 2300 
times the annual recharge and  provides considerable buffering  capacity  in times of 
drought. Annual rainfall in the region is 5,740 GL with an estimated 350 GL recharging 
the groundwater system and a significant part of it going to the Yarragadee Formation 
(WCWA, 2005b). 
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Table 2.13 
Summary of Main Aquifers in the Perth Basin 
 
Time Scale 
 
Geological Age 
 
Name of Formation  
 
Aquifer potential  
 
Quaternary 
 
2 Ma - recent 
 
 Superficial formations 
 
Major aquifer 
 
Tertiary 
 
66 Ma – 2 Ma 
 
 Rockingham Sand 
 
Minor aquifer 
 
 
 
Cretaceous 
 
 
 
 
 
 
144 Ma – 66 Ma 
  
Poison Hill Greensand 
 
Minor aquifer 
  
Mirrabooka Member 
 
Minor aquifer 
  
Osborne Formation 
 
Aquiclude 
  
Leederville Formation 
 
Major aquifer 
  
Parmelia Formation 
 
Major aquifer 
  
Otorowiri Siltstone 
 
Aquiclude 
 
Jurassic 
 
 
213 Ma – 144 Ma 
 
 Yarragadee Formation 
 
Major aquifer 
 
Cockleshell Gully Formation 
 
 
Minor aquifer   
Cattamarra Coal Measures 
  
Eneabba Formation 
 
Triassic 
 
 
253 Ma – 213 Ma 
 
 Lesueur Sandstone 
 
Major aquifer 
 
Woodada Formation/ 
 Kockatea Shale 
 
Aquiclude 
 
Permian 
 
286 Ma – 253 Ma 
 
 Sue Coal Measures 
 
Minor aquifer 
 
Silurian 
 
438 Ma – 408 Ma 
 
 Tumblagooda Sandstone 
 
Minor aquifer 
Source: DFWA, (2004a). 
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Figure 2.10        Hydrogeology of the Northern Perth Basin. 
Source: DFWA, (2004a). 
 
 
  
Figure 2.11  Hydrogeological section through the Northern Perth Basin. 
Source: DFWA, (2004a). 
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Figure 2.12        Hydrogeological section through the Southern Perth Basin. 
Source: DFWA, (2004a). 
 
 
 
Figure 2.13        Yarragadee and older aquifers in the Southern Perth Basin. 
Source: DFWA, (2004a). 
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2.6.5  Western Australia’s Future Water Resources 
 
The WCWA  began to address declining rainfall in 1996 and has since conducted 
various studies to address the problem of WA’s future water resources. Initiatives that 
have already been undertaken include better management of current and new water 
resources. The WCWA has indicated that any major new water sources will be more 
expensive than our traditional reliance on the dams in the Darling Range and 
groundwater sources close to Perth.  
 
Investment in major new water sources has included the completion of the new Harvey 
Dam, the desalination plant in Cockburn Sound (Perth) and the proposed desalination 
plant at Binningup in the SW of WA. Nevertheless the decline in rainfall will likely 
result in more groundwater being used for  DW consumption and the potential for 
increased radionuclide concentrations in WA’s DW.  
 
 
2.7  Requirements  for Drinking Water and Recommended 
Daily Consumption Rates 
 
2.7.1  Drinking Water  Consumption Rates –  Where did the 
Traditionally Recommended 2 Litres a Day Come From?  
       
Any effects of radionuclides in DW on human health will depend on the concentrations 
of radionuclides in the DW and how much DW is usually consumed. How much water 
do humans need to drink per day to remain healthy? The literature generally cites 2 L or 
the equivalent of 8 x 8 ounce glasses per day as being the accepted guideline. However, 
according to the Mayo Foundation, this is not an easy question to answer as every 
individual’s water needs are unique, depending upon their health status, how active they 
are, where they live, whether they are pregnant or breast-feeding (Mayo Foundation, 
2005), diet and also their weight (Water UK, 2004).  44 
 
The recommended 2 L or 8 x 8 glasses of DW intake per day appears to have originated 
in the United States. It would appear that the recommendation originated in 1945 when 
the Food and Nutrition Board of the US National Research Council (USNRC) advised 
that a daily water intake of 2.5 L should be suitable in most circumstances and 
recommended that an ordinary standard for diverse persons is 1 mL for each calorie of 
food and noted that most of which is contained in prepared foods (Water UK, 2004). 
Then in 1989 the USNRC further recommended that the water requirement for adults 
could be estimated to be 1 mL per kcal energy expenditure for adults living in average 
conditions of energy expenditure and environmental exposure. In essence a person 
eating 2900 kcal per day would require 2900 mL of water per day (Valtin, 2002: Water 
UK, 2004). The USNRC (1989) further suggested that 1.5 mL per kcal should be the 
estimate when considering overall activity levels, sweating and solute loads within the 
human body (Water UK, 2004). Nevertheless, Valtin (2002) a kidney specialist, found 
that there is no scientific evidence that supports the recommended DW consumption 
value of 2 L of water per day.  
 
2.7.2  How Much Water Do We Need to Drink Per Day?  
 
In spite of Valtin’s findings the British Dietetic Association and the World Health 
Organization (WHO) still recommend that people should drink 2.5-3.0 L of water per 
day (UK Water, 2004. Dehydration is an adverse result of inadequate water intake. In 
2004 the US National Academies, Institute of Medicine, Food and Nutrition Board 
(NAIMFNB),  revised the Dietary Reference Intakes for Electrolytes and Water and 
recommended that the minimum daily water requirement for inactive adults in 
temperate climates should be 1.0-3.1 L (Water UK, 2004). The UK Food Standards 
Agency and the British Dietetic Association recommend that in moderate climates such 
as in the UK people should drink at least 2.5 L of fluid per day (Water UK, 2004). 45 
 
Outdoor workers in the North West of WA, where duties involved non-manual labour 
(i.e. clerical work) have reported the need to drink at least 6.5 litres (Scott, 2005) and 10 
litres (Treasure, 2006) of water per day to prevent dehydration. 
 
The World Health Organization (WHO) does not include fluid obtained from food when 
calculating daily water requirements due to the belief that when considering the global 
aspect, the proportion of fluid obtained from food may vary significantly in response to 
diet and culture from negligible to all hydration requirements. WHO acknowledges that 
allocating the full hydration component to DW needs may over estimate the quantity of 
water required but believes that it is no more significant than the variation expected 
when considering activity levels and the range of temperatures (Water UK, 2004).  
 
 The WHO’s recommended daily DW requirements for adults are shown in Table 2.14. 
According to the US NAIMFNB (2004), about 80 percent of people's total water intake 
comes from DW  and beverages,  including caffeinated beverages and the other 20 
percent is derived from food.  
 
Table 2.14 
World Health Organization’s Recommended 
Daily Requirements for Drinking Water for Adults (in L) 
 
Adults 
Average  
Conditions 
Manual Labour in 
High Temperatures 
Total Needs in 
Pregnancy/Lactation 
 
Females 
 
2.2. L 
 
4.5 L 
 
4.8 L (pregnancy) 
3.3 L (lactation) 
 
Males 
 
2.9 L 
 
4.5 L 
 
Source: Water UK, (2004). 
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2.7.3  Significance of Determining Children’s Daily Drinking 
Water Requirements and Calculating Annual Effective 
Radiation Dose Rates  
 
The above-mentioned guidelines refer only to adults. This is important for this study 
because, this study focuses on different age groups, (3 months, 1 y, 5 y, 10 y and 15 y), 
not just adults. Secondly, because the  dose coefficients for ingestion of relevant 
radionuclides used to determine the annual effective dose of radiation received by 
individuals are higher for children than they are for adults (ICRP, 1996). See Table 
2.15. The higher age-dependent dose coefficients recommended for children take into 
account the higher uptake and/or metabolic rates in children (WHO, 2003). Thirdly, to 
be able to calculate the annual effective dose of radiation from the consumption of DW 
one has to know how much DW is consumed annually by individuals. To assume that 
children within the different age groups mentioned above drink 2 L per day, (i.e., the 
same as adults) may not be justified and possibly open to the need for further 
investigation by government agencies should annual dose rates for children exceed the 
radiological safety guidelines within the ADWG. See figure 2.14 for details of the 
equation that is used to calculate the annual radiation dose, i.e., mSv/y, received from 
the consumption of DW.  
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Table 2.15 
Dose Coefficients for Ingestion  
Ingestion Dose Coefficients, e(t), to age 70 y (Sv Bq
-1) 
 
 
Nuclide 
 
 
Physical 
Half-life 
 
f1 
 
e(t) 
 
f1 
 
e(t) 
 
<1y 
 
3 
months 
 
≤1y 
 
1 year 
 
5 years 
 
10 
years 
 
15 
years 
 
Adult 
 
K-40 
 
1.28E+09 y 
 
1.000 
 
6.2E-08 
 
1.000 
 
4.2E-08 
 
2.1E-08 
 
1.3E-08 
 
7.6E-09 
 
6.2E-09 
 
Pb-210 
 
22.3 y 
 
0.600 
 
8.4E-06 
 
0.200 
 
3.6E-06 
 
2.2E-06 
 
1.9E-06 
 
1.9E-06 
 
6.9E-07 
 
Po-210 
 
138 d 
 
1.000 
 
2.6E-05 
 
0.500 
 
8.8E-06 
 
4.4E-06 
 
2.6E-06 
 
1.6E-06 
 
1.2E-06 
 
Ra-224 
 
3.66 d 
 
0.600 
 
2.7E-06 
 
0.200 
 
6.6E-07 
 
3.5E-07 
 
2.6E-07 
 
2.0E-07 
 
6.5E-08 
 
Ra-226 
 
1.60E+03 y 
 
0.600 
 
4.7E-06 
 
0.200 
 
9.6E-07 
 
6.2E-07 
 
8.0E-07 
 
1.5E-06 
 
2.8E-07 
 
Ra-228 
 
5.75 y 
 
0.600 
 
3.0E-05 
 
0.200 
 
5.7E-06 
 
3.4E-06 
 
3.9E-06 
 
5.3E-06 
 
6.9E-07 
 
U-234 
 
2.44E+05 y 
 
0.040 
 
3.7E-07 
 
0.020 
 
1.3E-07 
 
8.8E-08 
 
7.4E-08 
 
7.4E-08 
 
4.9E-08 
 
U-238 
 
4.47E+09 y 
 
0.040 
 
3.4E-07 
 
0.020 
 
1.2E-07 
 
8.0E-08 
 
6.8E-08 
 
6.7E-08 
 
4.5E-08 
Source: ICRP Publication 72, (1996). 
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Figure 2.14   Equation used to calculate annual radiation dose received from the 
consumption of drinking water. 
 
Source: NHMRC and NRMMC, in: ADWG, (2004). 
 
 
2.7.4  Why Children Deserve Special Consideration when 
Determining Drinking Water Requirements 
 
In addition to normal pastoral concerns there are several reasons why children deserve 
special consideration when determining DW needs. The normal daily turnover of water 
in children is about 15 % of total body weight compared to ~ 4% in adults (Water UK, 
2004). Children and infants (0-12 months) have a higher surface area to body mass 
ratio, (the average 6 year old child ~ 50% greater of an adult) which means that children 48 
 
are more likely to lose water via evaporation. In addition children have a higher 
percentage of body water, a less developed sweating system and a more limited kidney 
capacity (Water UK, 2004).    
 
2.7.5  Current Recommended Daily Drinking Water Requirements 
for Children 
 
According to the NHMRC et al who publish the ADWG, and the Australian and New 
Zealand Food Authority (ANZFA), publishers of the Food Safety Code of Australasia, 
there are no data available in Australia as to how much DW is consumed by adults and 
children on a daily basis (NHMRC, 2005: ANZFA, 2005). In addition both the 
NHMRC et al and ANZFA have not published recommended daily DW intakes for 
adults or children in Australia. In 2004 the US NAIMFNB  recommended  adequate 
intake of water for infants and children. These recommendations are shown in Tables 
2.16 and 2.17 The WHO does not appear to have published recommended DW intakes 
for infants or children. The European Union (EU) designates DW consumption rates in 
European countries as 730 litres per year and 250 litres per year for adults and infants 
respectively (Katzlberger, et al., 2001: Wallner, 2006).  
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Table 2.16 
US National Academies, Institute of Medicine,  
Food and Nutrition Board Recommended  
Adequate Water Intake for Infants (in L) 
   
Average of human 
milk consumed per 
day 
 
Adequate Intake for 
total water per day 
 
Water obtained from 
drinks per day 
 
Infants 
0-6 
months 
 
0.7 L 
 
0.7  L  assumed to  be from 
human milk (87% of the 
volume of human milk 
exists as water) 
 
n/a 
 
Infants 
7-12 
months 
 
0.8 L 
 
0.8 L from human milk and 
complementary food and 
beverages 
 
0.6  L  as total fluid, 
including formula, juices 
and drinking water 
Source: US NAIMFNB, (2004). 
 
 
Table 2.17 
US National Academies, Institute of Medicine,  
Food and Nutrition Board Recommended  
Adequate Water Intake for Adults and Children (in L) 
   
Age 
Group 
 
Total water intake per day (including 
water contained in food) 
 
Water obtained from 
drinks per day 
 
Children 
 
1-3 years 
 
1.3 L 
 
0.9 L 
 
Children 
 
4-8 years 
 
1.7 L 
 
1.2 L 
 
Boys 
 
9-13 
years 
 
2.4 L 
 
1.8 L 
 
Girls 
 
9-13 
years 
 
2.1 L 
 
1.6 L 
 
Boys  
 
14-18 
years 
 
3.3 L 
 
2.6 L 
 
 
Girls 
 
14-18 
years 
 
2.3 L 
 
1.8 L 
 
Adults 
 
 
Men 
Women 
 
3.7 L 
2.7 L 
 
3.0 L 
2.2 L 
Source: US NAIMFNB, (2004).  50 
 
2.8  Biological Effects of Exposure to Ionizing Radiation and 
the Development of Cancer 
 
2.8.1  Measurement of Radiation in Relation to Health Physics 
 
The main radiation measurement units are activity, exposure, absorbed dose and dose 
equivalent. They are described as follows:  
•  Absorbed dose, D is the dose quantity given by: 
                                              
where    is the mean energy imparted to matter of mass dm  by ionizing 
radiation. The SI unit for absorbed dose is joule per kilogram (J kg
-1) and is 
known as the gray (Gy) (ICRP, 2007). The rad is the old unit of measurement 
while the roentgen (R) is another old unit for radiation exposure.  
1 roentgen produces 2.08 x 10
9 ion pairs per cm
3 of air at STP 
1 roentgen = 2.58 x 10
-4 coulomb (C) per kg of air 
                  1 roentgen (R) = 0.87 rad               1 Gy = 100 rad 
•  Activity, A is the expectation value of the number of nuclear transformations 
occurring in a given quantity of material per unit time. The SI unit of activity is 
per second (s
-1) and is known as the becquerel (Bq). The curie (Ci) is the old unit 
of measurement and is still used by the United States (ICRP, 2007). 
1 Bq = 1 nuclear disintegration per second (1 dps) 
1 Bq = 2.7 x 10
-11 Ci                                       1 Ci  = 3.7 x 10
10 Bq 
•  Dose equivalent, H is the product of D and Q at a point in tissue, where D is the 
absorbed dose and Q is the quality factor for the specific radiation at this point 
and expressed as: 
                                                   H = DQ 
The SI unit of dose equivalent is the same as for absorbed dose, J kg
-1, and is 
known as the sievert (Sv) (ICRP, 2007).  51 
 
•  Effective dose, E  is the tissue-weighted sum of the equivalent doses in all 
specified tissues and organs of the body and is expressed as: 
 
where HT or wR DT,R is the equivalent dose in a tissue or organ, T, and wT is the 
tissue weighting factor. The SI unit for effective dose is the same as for absorbed 
dose, J kg
-1, and is known as the sievert (Sv) (ICRP, 2007).  
•  Equivalent dose, HT is the dose in a tissue or organ T given by:  
                                
 
where DT,R is the mean absorbed dose from radiation R in a tissue or organ T, 
and wR is the radiation weighting factor and as wR is dimensionless, the SI unit 
for equivalent dose is the same as for absorbed dose, J kg
-1, and is known as the 
sievert (Sv) (ICRP, 2007). 
   
•  Radiation weighting factor, wR is a dimensionless factor by which the organ or 
tissue is multiplied to reflect the higher biological effectiveness of high-LET 
radiations compared with low-LET radiations. It is used to derive the equivalent 
dose from absorbed dose from the absorbed dose averaged over a tissue or organ 
(ICRP, 2007). 
•  Quality factor, Q(L) is the factor characterizing biological effectiveness of a 
radiation based on the ionization density along tracks of charged particles in 
tissue. Q is defined as a function of the unrestricted linear energy transfer, L∞  (L 
or LET), of charged particles in water and expressed as: 
    1 
  L < 10 keV/µm 
Q(L) =   0.32L 2.2 
  10 ≤ L ≤ 100 keV/µm 
  300√L 
  L > 100 keV/µm 52 
 
Q  has been superseded by the radiation weighting factor in the definition of 
equivalent dose, but is still used in calculating the operational dose equivalent 
quantities used in monitoring (ICRP, 2007). 
 
2.8.2  Biological Effects of Ionizing Radiation on Human Health 
 
According to the United Nations Scientific Committee on the Effect of Atomic 
Radiation (UNSCEAR) deoxyribonucleic acid (DNA) lesions and defective DNA repair 
are usually considered to be the two key mechanisms that explain the biological effects 
of ionizing radiation (UNSCEAR, 2006b). Radiation effects are caused by the damage 
inflicted in cells by the radiation interactions. The damage may result in cell death or 
modifications that can affect the normal functioning of organs and tissues. Most organs 
and tissues of the body are not affected by the loss of even considerable numbers of 
cells (UNSCEAR, 2000). However, if the number lost becomes extensive there will be 
observable harm to the organ or tissue and therefore to the individual. This type of harm 
occurs in all individuals who receive an acute dose in excess of the threshold for the 
effect and is called “deterministic”. If the cell is not killed but only modified by the 
radiation damage, the damage in the viable cell is usually repaired. If the repair is not 
perfect, the modification will be transmitted to daughter cells and may eventually lead 
to the development of cancer in the tissue or organ of the exposed individual. If the cells 
are concerned with transmitting genetic information to the descendants of the exposed 
individual, hereditary disorders may arise. Such effects in the individuals or in their 
descendants are called “stochastic”, meaning of a random nature. In short, deterministic 
(acute) effects will occur only if the radiation dose is substantial, such as in accidents. 
Stochastic effects such as cancer and hereditary effects may be caused by damage in a 
single cell. As the dose to the tissue increases from a low level, more and more cells are 
damaged and the probability  of stochastic effects occurring increases  (UNSCEAR, 53 
 
2000). Figure 2.15 shows the schematic development of the events leading to stochastic 
radiation effects. 
 
 
 
Figure  2.15   Schematic development of the events leading to stochastic radiation 
effects. 
Source: UNSCEAR, (2000). 
 
According to the National Research Council (NRC) of the National Academies (2006) 
ionizing radiation has been studied extensively because it is hazardous to human health.  
The NRC has recently completed its seventh report (2005) in a series of publications 
concerning radiation health effects better known as the Biological Effects of Ionizing 
Radiation (BEIR) reports. The health effects of concern include cancer, hereditary 
diseases, heart disease and strokes (NRC, 2006).  54 
 
The problem of ionizing radiation is that it can cause the breaking of molecular bonds of 
biological cells to form ions and free radicals (Koeyers, 1996a). Many ions are stable, 
however free radicals are very reactive, which can cause abnormal chemical reactions to 
occur, resulting in molecular changes that can destroy a cell or initiate abnormal change 
in normal cell functions (Koeyers, 1996a). Figure 2.16 shows the initiation process of 
cancer development. 
 
 
              Figure 2.16     The Process of cancer development. 
            Source: UNSCEAR, (2000). 
 
2.8.3  Damage Capacity of Ionizing Radiation -  Alpha Particles, 
Beta Particles, Gamma Rays, Neutrons and X-rays 
 
Alpha particles have straight pathways as they pass through matter and in this process 
knock off/remove electrons from the electron clouds of atoms which they collide with. 
Approximately 35 eV of alpha particle energy is expended in the formation of an ion 55 
 
pair in any material when these collisions occur (Koeyers, 1996e). Thus an alpha 
particle carrying 5 MeV of energy can produce about: 
5 x 10
6 eV ÷ 35 eV ion pair
-1 = 1.4 x 10
5 ion pairs 
before being stopped in the absorbing matter. The energy-depleted alpha particle then 
transforms into an electrically- neutral helium-4 atom by gaining two electrons from the 
absorbing material.  
 
Beta particles have very wide-angle scattering pathways as they pass through matter and 
because their specific ionization power is much less than that of alpha particles of equal 
energy their penetrating range in the absorbing material through which they pass is 
much larger. Beta particles lose a great deal of their energy in collisions with electron 
clouds of atoms. These first collision events are known as primary ionizations (Koeyers, 
1996e). Many of the electrons that are ejected from their orbital electron clouds by beta 
particles gain enough energy to cause additional ionization or, secondary ionization. As 
such the average energy expended in producing an ion pair turns out to be 
approximately 35 eV as already mentioned above. 
 
The combined effect of both alpha and beta particles being energetic and having an 
electric charge enables them to directly remove electrons from the electron clouds of 
atoms. They are therefore said to be directly ionizing forms of radiation capable of 
causing primary ionization. Neutrons, gamma rays and X-rays are electrically neutral. 
Neutrons have sufficient energy to dislodge particles from atomic nuclei which they 
come into contact with. The dislodged particles may also have sufficient energy to cause 
large scale secondary ionizations in biological tissue. X-rays (energy < 80 keV) and 
gamma rays (energy > 80 keV) are kinds of electromagnetic radiation. Gammas interact 
with matter in 3 ways: photo effect, Compton scattering and pair production. With the 56 
 
photo effect, a strongly bound electron of an inner atomic shell is ejected with a kinetic 
energy of gamma energy minus binding energy of the electron. With the Compton affect 
the gamma is only scattered by a quasi-free outer electron which is separated from the 
atom; the scattered gamma of course has a lower energy than the original gamma. For 
production of an electron-positron pair the gamma energy must be higher than the 
twofold mass-energy equivalent of the electron (2 x 511 keV). The excess energy over 
1.022 MeV is transformed to kinetic energy of the electron and positron (Eisberg and 
Resnick, 1974).  
 
2.8.4  Process of Linear Energy Transfer (LET) and Ionizing Radiation 
 
ICRP defines LET as a measure of density of ionization along a track of an ionizing 
particle (ICRP, 1991). Normally particulate forms of radiation such as alpha particles 
and neutrons and electromagnetic forms of radiation such as gamma rays and X-rays are 
often referred to as high-LET and low-LET radiation respectively. Alpha particles and 
neutrons have a high rate of LET compared to electrons, gamma rays or X-rays which 
have a lower LET (ICRP, 2007). 
 
Thus LET is the measurement of the number of ionizations and electron excitations that 
occur per unit of pathway (µm) as a result of either ionizing particulate or photon 
radiation that has traveled through biological tissue. It is the density of primary and 
secondary ionizations caused along the track by the particulate or photon radiation that 
determines the amount of structural damage done in biological tissue (Koeyers, 1996e).  
Ionizing radiation deposits energy in tracks of ionizations as they move through cells. 
The  differing  qualities of  these radiations may be arbitrarily divided into sparsely 
ionizing (low-LET) and densely ionizing (high-LET). Each track of low-LET radiations, 
such as X-rays or gamma rays, cause only a relatively small number of ionizations as 57 
 
they move through an average-sized cell nucleus: a gamma-ray electron track crossing 
an 8 µm diameter nucleus gives an average of about 70 ionizations, equivalent to about 
1 mGy absorbed dose (UNSCEAR, 2000). Low-LET radiation deposits less energy in 
the cell along the radiation path and is considered to be less destructive per radiation 
track than high-LET radiation (National Research Council of the National Academies, 
2006).  
 
High-LET radiation may cause many thousands of ionizations within a cell and give a 
relatively high dose to the cell. For example a 4 MeV alpha-particle track on average is 
capable of resulting in about 23,000 ionizations (370 mGy) in an average-sized cell 
nucleus. However, even low-LET radiation is  capable of causing relatively dense 
ionization over the dimensions of DNA structures such as when a low-energy secondary 
electron comes to rest within a cell (UNSCEAR, 2000). Figures 2.17 and 2.18 show the 
dose-effect relationship for low-LET and high-LET radiation and the sources of low-
LET and high-LET global background radiation respectively.  
 
Alpha particles are worthy of special mention not because they have a very short range 
in tissue but because of their high-LET energy level. Alpha particles from Ra-226 and 
its decay products have a maximum range in tissue of about 80 µm and energy up to 
about 7.8 MeV. Alpha particles from plutonium-239 have a maximum range of about 40 
µm and about 5 MeV (UNSCEAR, 2000). These dimensions may be compared with the 
dimensions of the cell nucleus, which range from about 5 to 10 µm in diameter. The 
dose that a single alpha particle delivers crossing the cell nucleus, considered to be the 
radiosensitive target, is highly variable. It may range from very low doses for particles 
that graze the nucleus to more than 1 Gy for alpha particles crossing the diameter.  58 
 
Thus the concept of average tissue dose is a considerable simplification, and individual 
cells in a tissue may receive very different doses (UNSCEAR, 2000). Figure 2.19 shows 
low-LET and high-LET ionizing radiation paths through a DNA double helix. 
 
 
 
Figure 2.17     Dose-effect relationship for low-LET and high-LET radiations. 
 
Source: UNSCEAR, (2000). 
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Global background radiation – 2.4 mSv y
-1. 
Figure 2.18    Sources of low-LET and high-LET global background radiation.  
 
Source: National Research Council of the National Academies, (2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19     Low-LET and high-LET ionizing radiation paths through DNA double 
helix. 
 
Source: National Aeronautics Space Administration, (2001). 60 
 
2.8.5  Repair Mechanism of Damaged DNA 
Damage to DNA in the nucleus is considered to be the main initiating event which can 
result in the development of cancer and hereditary diseases due to ionizing radiation 
damage to cells. Information on the effects of radiation on individual cells is able to 
provide insight into the fundamental damage that may ultimately give rise to cancer or 
hereditary disease. It can also provide information on the consequences of damage to 
other cellular structures, such as the cellular membrane and the cytoplasm, although 
damage here is less significant in terms of long-term health effects (UNSCEAR, 2000). 
Double-strand breaks in DNA are generally regarded as the most likely candidate for 
causing critical damage  to the nucleus that can subsequently result in  a  mutation 
occurring in somatic or germ cells (UNSCEAR, 2000). Single radiation tracks have the 
potential to cause double-strand breaks in the cell nucleus and in the absence of 100% 
efficient repair to the DNA could result in long-term damage, even at the lowest doses 
(UNSCEAR, 2000). 
 
Cells are able to repair both single-strand and double-strand breaks in DNA over a 
period of a few hours. However, if this repair is imperfect the process can result in long-
term cellular damage and mutation. It has been assumed in previous reports by the 
BEIR Committee that damage to DNA causing mutational events in germ cells can be 
the result of a single biological event and also  that carcinogenesis is a multi-stage 
process in which the radiation can induce one or more of the stages involving damage to 
DNA and interference with cellular homeostatic mechanisms (UNSCEAR, 2000). In 
support of this an approximately linear dose response for double-strand break induction 
by low-LET radiation has been observed confirming that breakage of both strands of the 
duplex can be achieved by the traversal of a single ionizing track through the nucleus 
and does not require multiple-track action (UNSCEAR, 2000). There is also evidence 61 
 
that a proportion of radiation-induced double-strand breaks are complex and involve 
locally multiply damaged sites (LMDS) on the basis of a body of experimental evidence 
it may be judged that the ratio of low-LET radiation-induced single strand DNA breaks 
plus base damages to double-strand breaks is around 50:1 (UNSCEAR, 2000). 
 
 The probability of a double-strand break per cell has been estimated be approximately 4 
per cell per 100 mGy. A fraction of radiation-induced double-strand damage will be 
repaired efficiently and correctly. However, error-free repair of all such damage, even at 
the low abundance expected after a  low-dose exposure, is not anticipated.  Unlike 
damage to a single strand of the DNA duplex a proportion of double-strand lesions will 
result in the loss of DNA coding from both strands. Such losses are very difficult to 
repair correctly  and it is believed that this  miss-repair of such DNA double-strand 
lesions is the critical factor underlying the principal hallmarks of stable mutations being 
induced by ionizing radiation of various qualities. Double-strand DNA losses may in 
principle be repaired correctly by DNA repair recombination but such damage may be 
subject to error-prone repair, which can result in the formation of gene and chromosome 
mutations that are known to characterize malignant development.  According to 
UNSCEAR (2000) this interpretation would be  incorrect if cellular repair processes 
were totally effective in repairing damage in the case of small numbers in double-strand 
breaks. Figure 2.20 shows a model of carcinogenesis.  
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Figure 2.20     Model of carcinogenesis. 
Source: UNSCEAR, (2000). 
 
 
In summary it is the impairment of cell functions such as the transcription and/or 
replication mechanisms that can lead to uncontrolled cell behaviour such as cell growth 
and multiplication. Such impairment can result in the development of diseases such as 
leukaemia or cancer in humans (Koeyers, 1996d). It would appear that there is a 
significant risk to humans from exposure to the effects of ionising radiation. This risk is 
attributed to the normal biological process of continuous cell replacement in the human 
body. For example it is estimated that in an average lifetime, a human cell  will 
experience 1,016 cell divisions, most of which will occur in the first few years of life 
and during puberty (Edwards, 1997). This is why children may be at a much greater risk 
from the hazards of exposure to ionizing and other forms of electromagnetic radiation.  
 
2.8.6  Effect of Ionizing Radiation on the Immune System 
The effects of ionizing radiation on the immune system have been studied extensively 
and although significant changes have occurred, these observations are difficult to 
compare due to the circumstances and protocols of exposure to ionizing radiation such 
as dose, dose rate, quality of radiation and cell type (UNSCEAR, 2006b). Studies have 63 
 
found that exposure to ionizing radiation often leads to immunosuppression particularly 
following exposure to high dose irradiation. There is evidence to suggest that ionizing 
radiation is able to induce “danger signals” and influence cell responses in the immune 
system and thus it is thought that ionizing radiation may have much more to offer than 
just its powerful qualities as a cytotoxic agent, and because of this ionizing radiation is 
probably better considered as an immunomodulatory agent rather than an 
immunosuppressive one. Furthermore, the role of the immune system with regard to 
cancer development is better understood however the effects of ionizing radiation at low 
doses (<20 mGy) and low dose rates (<100 mGy/h) remains controversial (UNSCEAR, 
2006b).  
 
Epidemiological studies suggest that radiation-induced impairment of 
immunocompetence may increase the risk of diseases that normally occur in the elderly 
and reinforce the hypothesis that ionizing radiation may accelerate immunosenesence by 
perturbing T-cell homeostasis in the same direction that ageing does (UNSCEAR, 
2006b). Immunological homeostasis has critical implications for human health when 
considering the relationship between the immune system and disease susceptibility and 
the possible interaction between hereditary and environmental factors like ionizing 
radiation. As such, knowledge is still limited as to how radiation-induced effects on the 
immune system impact fully on human health and therefore further research regarding 
how ionizing radiation effects the immune system is warranted (UNSCEAR, 2006b).    
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2.9  Radiological Protection Standards 
2.9.1      Historical Overview  
 
Radiological protection standards are largely derived from the recommendations of the 
ICRP. The recommendations of the ICRP are confined to the protection of humans 
against the harmful effects of ionizing radiation. The ICRP works closely with the 
International Commission on Radiation Units and Measurements and has official 
relationships with the WHO on and the International Atomic Energy Agency. It (ICRP) 
also has relationships with the International Labor Organization and other United 
Nations organizations, including the United Nations Scientific Committee in the Effects 
of Atomic Radiation, the United Nations Environment Program, the Commission of the 
European Communities, the Nuclear Energy Agency of the Organization for Economic 
Co-operation and Development, the International Standards Organization and the 
International Radiation Protection Association (ICRP, 1991).   
 
Radiological protection standards are based upon the harmful biological effects of 
ionizing radiation on the human body. The fundamental dosimetric quantity in 
radiological protection provided by the ICRP is the absorbed dose (ICRP, 1991). Table 
2.18 shows the hazardous nature of the properties of nuclear radiations capable of 
causing damage to biological tissues. These different types of nuclear radiations have 
been given specific radiation weighting factors by the ICRP due to their potential to 
cause damage and are used in calculations when determining the equivalent dose to 
tissue or organs. Table 2.19 provides radiation weighting factors that have been given to 
various types of nuclear radiations.   
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Table 2.18 
Properties of Nuclear Radiations 
Type of 
Radiation 
Mass (u)  Charge  Range in air  Range in tissue 
Alpha  4    3 cm  0.04 mm 
Beta 
 
-1 (+1positron)  3 cm  5 mm 
X, λ  0  0  Very large  Through body 
Fast neutron  1  0  Very large  Through body 
Thermal neutron  1  0  Very large  150 cm 
 
Source: Martin and Harbison, in: An Introduction to Radiation Protection, (1982).  
 
 
Table 2.19 
Radiation Weighting Factors
1 
 
Radiation type
 
 
Radiation weighting factor, wR 
 
Photons, all energies 
 
1 
Electrons and muons
  1 
Photons and charged pions  2 
Alpha particles, fission fragments, heavy ions  20 
Neutrons  A continuous function of neutron 
energy 
 
Source: ICRP, (2007). 
 
2.9.2    Radiation Exposure and the Risk of Developing Cancer  
 
The ICRP (1991) estimates the lifetime risk of developing a fatal cancer due to exposure 
to radiation to be 5 x 10
-2 or 5%
 per sievert (Sv) of effective dose. This equates to 5 
additional fatal cancers for every 100 people exposed to 1 Sv per year or 5 additional 
fatal cancers for every 100,000 people exposed to 1 millisievert (mSv) per year. Table 
2.20 provides recommended radiation dose limits for workers and the public. 
1840
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     Table 2.20 
Recommended Radiation Dose Limits in Planned Exposure Situations
a 
 
Type of Limit  
 
Occupational 
 
Public 
 
Effective Dose 
 
20 mSv per year averaged over 
defined periods of 5 years
e  
 
1 mSv in a year
f 
 
Annual equivalent dose in: 
 
 
Lens of the eye
b 
 
150 mSv 
 
15 mSv 
 
          Skin
c,d 
 
500 mSv 
 
50 mSv 
 
Hands and feet 
 
500 mSv 
 
- 
 
aLimits on effective dose are for the sum of the relevant doses from external exposure in the 
specified time period and the committed effective dose from intakes of radionuclides in the same 
period. For adults, the committed effective dose is computed for a 50-year period after intake, 
whereas for children it is computed for the period up to 70 years.   
bThe limit is currently being reviewed by an ICRP Task Group. 
cThe limitation on effective dose provides sufficient protection for the skin against stochastic 
effects.    
dAveraged over 1 cm
2 area of skin regardless of the area exposed. 
eWith the further provision that the effective dose should not exceed 50 mSv in any single year. 
Additional restrictions apply to the occupational exposure of pregnant women. 
fIn special circumstances, a higher value of effective dose could be allowed in a single year, 
provided that the average over 5 years does not exceed 1 mSv per year.  
 
Source: ICRP, (2007). 
 
2.10  Global Radiation Dose Received by Humans  
 
2.10.1    Average Radiation Dose Received by Humans  
The  total annual environmental radiation dose received by humans can vary 
significantly between individuals and communities and depends upon location, lifestyle, 
diet and type of dwelling (NHMRC and ARMC, 2001). A study carried out in the Perth 
Metropolitan Area of WA in 1992 found the average total annual environmental 
radiation dose for residents to be 3.5 mSv (Efendi and Jennings, 1994b). The Australian 
average annual radiation dose for individuals is estimated to be 2 mSv (Webb et al, 
1999).  67 
 
According to UNSCEAR the global average radiation dose for individuals from natural 
sources is estimated to be 2.4 mSv per year (UNSCEAR, 2000). The annual worldwide 
ionizing radiation dose of natural background radiation per person is determined by 
adding the various components, as shown  in Table 2.21. However, the range of 
individual doses can be widespread. In any large population about 65% of the 
population would be expected to have annual effective doses of between 1 mSv and 3 
mSv, about 25% of the population would have annual effective doses less than 1 mSv 
and 10% would be expected to have  an  annual effective dose greater than 3 mSv 
(UNSCEAR, 2000). UNSCEAR’s estimated global annual effective radiation dose per 
person in the year 2000 from natural and artificial sources is provided in Table 2.22. 
 
Table 2.21 
Average Radiation Dose from Natural Sources 
 
Source 
 
Worldwide Average Annual 
Effective Dose (mSv) 
 
Typical Range 
 (mSv) 
 
External exposure 
Cosmic rays 
Terrestrial gamma rays 
 
 
0.4 
0.5 
 
 
0.3-1.0
a 
0.3-0.6
b 
 
Internal exposure 
Inhalation (mainly radon) 
Ingestion 
 
 
1.2 
0.3 
 
 
0.2-10
c 
0.2-0.8
d 
 
Total 
 
2.4 
 
1-10 
a.  Range from sea level to high ground elevation. 
b  Depending on radionuclide composition of soil and building materials. 
c  Depending on indoor radon accumulation of radon gas. 
d  Depending on radionuclide composition of foods and drinking water. 
 
Source: UNSCEAR, (2000). 
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Table 2.22 
Annual Effective Radiation Dose in the Year 2000  
from Natural and Artificial Sources 
 
Source 
 
Worldwide Annual Effective  
Dose Per Person (mSv) 
 
Range or trend in exposure 
 
Natural background 
 
2.4 
 
Typically ranges from 1-10 mSv, depending on 
circumstances at particular locations, with 
sizable population also 10-20 mSv.  
 
Diagnostic medical 
examinations 
 
0.4 
 
Ranges from 0.04-1.0 mSv at lowest and 
highest levels of health care. 
 
Atmospheric 
nuclear testing 
 
0.005  
 
Has decreased from a maximum of 0.15 mSv in 
1963 (average in Northern hemisphere). Higher 
in northern hemisphere. 
 
Chernobyl accident 
 
0.002 
 
Has decreased from a maximum of 0.04 mSv in 
1985 (average in northern hemisphere). Higher 
at locations near accident site. 
 
Nuclear power  
 
0.0002 
 
Has increased with expansion of program but 
decreased with improved practices. 
Source: UNSCEAR, (2000). 
 
2.11  Effective Radiation Dose Rates of Radionuclides in 
Drinking Water 
 
2.11.1   Effective Radiation Dose Rates 
 
The significance of the consumption of 2 litres of DW per day containing a radioactivity 
content of 1 Bq/L in respect to a number of specific radionuclides and the annual dose 
of irradiation received is shown in Table 2.23. It illustrates that a concentration of 1 
Bq/L of any of the common radionuclides found in DW would be in excess of the 
radiological guidelines stipulated by Canada, the EU, California, the UK and the WHO 
(0.1 mSv 
y-1)
  with  the exception of Australia. All Australian age groups with the 
exception of 1, 5, 10 year old age groups and adults for Ra-226 would be in excess of 
the ADWG guideline value of 1.0 mSv y
-1. Thus it becomes apparent that the unit of 
measurement used when determining the concentrations of radionuclides found in DW 
will be millibecquerels (mBq). This of course affects the degree of irradiation received 69 
 
internally and ultimately the effective dose received. This issue also has implications for 
instrumentation used in the measurement of radionuclides in DW samples as only the 
most sensitive instruments will be able to detect and quantify very low levels of 
radionuclides, i.e., in millibecquerels.  
 
    Table 2.23 
Annual Radiation Dose Received from the Daily Consumption of 
of Water at a Concentration of 1 Becquerel/Litre 
2 Litres 
 
Radionuclide 
 
Dose (mSv y
-1) 
 
1 year 
 
5 years 
 
10 years  
 
15 years 
 
Adult 
 
Ra-226 
 
0.70 
 
0.45 
 
0.58 
 
1.1 
 
0.20 
 
Ra-228 
 
4.16 
 
2.48 
 
2.85 
 
3.87 
 
0.50 
 
Pb-210 
 
2.63 
 
1.61 
 
1.39 
 
1.39 
 
0.50 
 
Po-210 
 
6.42 
 
3.21 
 
1.90 
 
1.17 
 
0.88 
 
 
The effective radiation dose rate of radionucides when ingested  or inhaled into the 
human body not only depends upon the activity or becquerel of the specific radionuclide 
ingested or inhaled but also on the value of the dose coefficients allocated to the 
radionuclide. This relationship is expressed as effective dose rate received per exposure 
to an individual radionuclide and is expressed as mSv/Bq. The dose coefficients are 
provided by the ICRP (1996) and are a measure of the radiotoxicity of the radionuclide 
of interest.  Examples are shown in Table 2.24. 
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Table 2.24 
Adult Dose Coefficients for Selected Ingested Radionuclides 
 
        Element 
Main 
Decay 
Mode 
Major Radiation Emitting 
Energies (MeV) & 
Intensities 
 
Dose Coefficient Between 
mSv/Bq 
N
a
t
u
r
a
l
 
U
r
a
n
i
u
m
 
S
e
r
i
e
s
 
 
Uranium-238 
 
Alpha  
4.15 (25%) 
4.20 (75%) 
 
4.5 x 10
-5 
 
Uranium-234 
 
Beta 
0.013 (21%) 
0.193 (79%) 
 
4.9 x 10
-5 
 
Thorium-230 
 
Alpha 
4.62 (24%) 
4.68 (76%) 
 
2.1 x 10
-4 
 
Radium-226 
 
Alpha 
4.60 (6%) 
4.78 (95%) 
 
2.8 x 10
-4 
 
Lead-210 
 
Beta 
0.016 (85%) 
0.061 (15%) 
 
6.9 x 10
-4 
 
Polonium-210 
 
Alpha 
 
5.305 (100%) 
 
1.2 x 10
-3 
 
Bismuth-210 
 
Beta 
 
1.161 (100%) 
 
1.5 x 10
-5 
N
a
t
u
r
a
l
 
T
h
o
r
i
u
m
 
S
e
r
i
e
s
   
Thorium-232 
 
Alpha 
3.95 (24%) 
4.01 (76%) 
 
2.3 x 10
-4 
 
Radium-228 
 
Beta 
 
0.055 (100%) 
 
6.9 x 10
-4 
 
Thorium-228 
 
Alpha 
5.34 (28%) 
5.43 (71%) 
 
7.2 x 10
-4 
 
Radium-224 
 
Alpha 
5.45 (6%) 
5.68 (94%) 
 
6.5 x 10
-5 
 
Lead-212 
 
Beta 
0.346 (81%) 
0.586 (14%) 
 
6.0 x 10
-6 
F
i
s
s
i
o
n
 
P
r
o
d
u
c
t
s
 
 
Caesium-134 
 
Beta 
0.685 (70%) 
0.886 (27%) 
 
1.9 x 10
-5 
 
Caesium-137 
 
Beta 
0.514 (94%) 
1.18 (6%) 
 
1.3 x 10
-5 
 
Strontium-90 
 
Beta 
 
0.546 (100%) 
 
2.8 x 10
-5 
 
Iodine-131 
 
Beta 
0.606 (90%) 
0.334 (7%) 
 
2.2 x 10
-5 
O
t
h
e
r
 
R
a
d
i
o
n
u
c
l
i
d
e
s
 
 
Tritium 
 
Beta 
 
0.0186 (100%) 
 
1.8 x 10
-8 
 
Carbon-14 
 
Beta 
 
0.156 (100%) 
 
5.8 x 10
-7 
 
Potassium-40 
 
Beta 
 
1.31 (89%) 
 
6.2 x 10
-6 
 
Plutonium-239 
 
Alpha 
 
5.16 (73%) 
 
2.5 x 10
-4 
 
Source: NHMRC and NRMMC, in: ADWG, (2004). 
 
From the table above it can be calculated that Polonium-210 which has the highest dose 
coefficient is the most hazardous or harmful of the radionuclides listed and Tritium with 
the lowest dose coefficient is the least hazardous.  71 
 
2.12  Radiological Drinking Water Quality Standards 
 
2.12.1  Historical Overview  of the Australian Drinking Water 
Guidelines 
 
The ADWG were first published by the NHMRC and the Australian Water Resources 
Council (AWRC) in 1980  and provide safety parameters for the quality of DW in 
Australia. These safety parameters include guidelines for microbial quality, physical and 
chemical quality, radiological quality, DW treatment chemicals and monitoring 
requirements. The ADWG have been amended over the years and were last updated in 
2004. The most significant change was in 2001 which resulted in an increase in the 
acceptable level or guideline value of radioactivity allowed in DW from 0.1 mSv y
-1 to 
1.0 mSv y
-1 [Table 2.25] (NHMRC and ARMC, 1996-2001).  
 
2.12.2  Current Australian Radiological Drinking Water Quality 
Standards 
 
The Australian DW  radiological quality standards are found within the current 
Australian Drinking Water Guidelines 6 2004  (2004). Chapter 7  –  “Radiological 
Quality of Drinking Water” outlines the radiological safety parameters relating to DW 
quality. The guidelines are based on the recommendations of the International 
Commission on Radiological Protection (ICRP, 1991: ICRP, 2000) and the NHMRC 
(NHMRC, 1995).  
  
The NHMRC and NRMMC (2004) estimates the dose from radionuclides in DW on the 
basis of adults consuming 2 L of water per day and cites this figure to be an appropriate 
average figure for Australia, giving an annual consumption of 730 L for each Australian 
adult. The annual dose from individual radionuclides consumed in DW is calculated 
using the formula provided in Figure 2.14. 
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The current guideline value for radiological quality of DW requires that the total 
estimated dose per year from all radionuclides, excluding the dose from potassium-40, 
should not exceed 1 mSv. The ADWG outline a screening process of water supplies and 
recommends compliance with the guidelines by initially screening for both gross alpha 
and gross beta activity concentrations. The recommended screening level for alpha 
activity is 0.5 Bq/L and gross beta activity is 0.5 Bq/L (excluding the contribution from 
K-40). Should either of the activity concentrations be exceeded specific radionuclides 
are then to be determined and their activity concentrations determined.  
 
Concentrations of Ra-226 and Ra-228 should always be determined as these are the 
most significant naturally occurring radionuclides found in Australian DW supplies 
(NHMRC and the Natural Resource Management Ministerial Council [NRMMC], 
2004). Should any gross alpha or gross beta activity remain unaccounted for then other 
radionuclides should be identified (NHMRC and NRMMC, 2004).   
 
The dose coefficients for ingestion of selected radionuclides outlined within the current 
version of the ADWG are shown in Table 2.26 and are identical to the dose coefficients 
for adults provided by the ICRP (1996) (NHMRC and NRMMC, 2004). The guidelines 
outline DW quality monitoring for radionuclides and recommend testing of all water 
supplies (existing and new) every 5 years for surface water and every 2 years for 
groundwater and more often if the guideline value is exceeded.    
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Table   2.25 
Summary of the History of the Australian Guidelines  
for Radiological Quality of Drinking Water 
 
Year 
 
Characteristic 
Guideline    
Comment  Level/Value 
Bq/L  mSv y
-1 
 
 
1980
 
 
1.  Specified radionuclides 
Strontium-90 
  Radium-226 
  Gross Beta (in absence of Sr-90 & 
Alpha emitters) 
 
2.  Unspecified radionuclides 
  Gross Alpha activity 
  Gross Beta activity (including  
  Sr-90)   
 
 
 
1.0 
0.4 
40 
 
 
 
0.1 
1.0 
 
 
- 
- 
- 
 
 
 
- 
- 
 
Desirable current criteria, 
long term objectives and 
Health investigation levels 
–  same values for 
radiological quality 
 
Source: NHMRC and AWRC, 1980. 
 
 
1987 
 
Gross Alpha activity 
 
Gross Beta activity (excluding potassium-
40 activity) 
 
 
 
0.1 
 
0.1 
 
- 
 
- 
 
Guideline values 
 
Source: NHMRC and AWRC, 1987. 
 
 
1996 
 
 
 
 
Maximum committed effective dose limit 
from all radionuclides in drinking water 
excluding that from potassium-40  
 
- 
 
0.1 
 
Dose determined by: 
annual consumption of 
water x dose conversion 
factor x Bq/L = mSv/year 
 
Source: NHMRC and ARMC, 1996. 
 
2004 
 
Annual guideline dose limit of 1 mSv 
recommended for radioactivity in 
drinking water excluding that from 
potassium-40 
 
- 
 
1.0 
 
Dose determined by: 
annual consumption of 
water x dose per unit 
intake factor x Bq/L = 
mSv/year 
 
Source: NHMRC et al., 2001-2004. 
 
Source: NHMRC et al., in: ADWG, (1980-2004). 
 
 74 
 
Table 2.26 
Australian Drinking Water Guidelines 
Dose Coefficients for Ingestion for Adults 
  
Source: NHMRC and NRMMC, in: ADWG (2004). 
 
A summary of the operational responses to the ADWG radiological guideline values are 
outlined in Table 2.27 and a corrective action flowchart recommended for use to 
determine whether the radiological quality of DW complies with the ADWG is provided 
in Figure 2.21 (NHMRC and NRMMC, 2004). 
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Table 2.27  
Summary of Operational Responses Outlined within the  
Australian Drinking Water Guidelines 
 
Annual Dose Rate  
 
Recommended Responsive Action 
 
Less than 0.5 mSv 
 
1. 
 
Continue with routine monitoring of water supplies. 
 
 
0.5 mSv to 1 mSv 
 
1. 
 
Consult with relevant State/Territory health authority. 
 
 
2. 
 
Review frequency on ongoing sampling of water supplies. 
 
 
3. 
 
Evaluate operational options to reduce exposure to the public. 
 
 
Greater than 1-10 mSv 
 
1. 
 
Consult with relevant State/Territory health authorities.  
 
 
2. 
 
Assess in detail possible remedial actions taking into account 
potential health impacts and cost effectiveness of actions. 
 
 
3. 
 
Implement appropriate remedial action on the basis of the cost-
benefit evaluation. 
 
 
Greater than 10 mSv 
 
1. 
 
Water not suitable for human consumption on the basis of 
radioactivity levels. 
 
 
3. 
 
Consult with relevant State/Territory health authorities. 
 
 
3. 
 
Intervention is expected and remedial action must be taken to 
reduce doses to below the guideline value of 1 mSv per year. 
 
 
Source: NHMRC and NRMMC, in: ADWG (2004). 76 
 
 
Figure 2.21    Flowchart used to determine whether the radiological quality of drinking water 
complies with the Australian Drinking Water Guidelines. 
 
Source: NHMRC and NRMMC, in: ADWG (2004). 
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2.12.3  United States of America (USA) 
The US EPA issued the first radiological standards for DW quality in the United States 
in 1976. The standards included a maximum contaminant level (MCL) of 5 pCi L
-1 
(0.185 Bq L
-1) for Ra-26 and Ra-228 combined, and a limit on the annual dose 
equivalent to the total body of 4 mrem (0.04 mSv) from all artifical, beta/gamma-
emitting radionuclides, with the MCL for individual radionuclides excluding tritium and 
strontium-90 calculated on the basis of the consumption of 2 L of water per day 
(Kocher, 2001: US EPA, 2000). The MCL for Ra-226 and Ra-228 is based upon a 
concentration level rather than an annual dose equivalent used by all other entities in 
this study. The conversion of the US concentration level for Ra-226 and Ra-228 to an 
annual dose equivalent level is shown in Table 2.28. 
 
In 1991 the US EPA proposed a revision of the standards and suggested a new MCL of 
20 pCi L
-1 (0.7 Bq L
-1) for Ra-226 and Ra-228 separately, and a limit on the annual 
effective dose equivalent for all beta/gamma-emitting radionuclides, excluding Ra-228, 
of 4 mrem (0.04 mSv). This in effect would have meant that the proposed new MCL for 
radium would be eight times higher than the 1976 standard where the MCL for Ra-226 
and Ra-228 were combined (Kocher, 2001: US EPA, 1976: US EPA, 2000).   
 
However, before the revised standards could be adopted they first had to satisfy the 
provisions of the US Safe Drinking Water Act Amendments of 1996 and the provisions 
of the Amendments Act. The amendments Act specified that any revision of an existing 
standard shall maintain or provide for greater protection of the health of persons 
(Kocher, 2001). This meant that the existing standards of 1976 could not be relaxed 
(Kocher, 2001: US EPA, 2000). This decision in regard to the radiological protection 
safety standards became to be known as the Final Rule (US EPA, 2000). Subsequently 78 
 
the US Congress provided the US EPA with funds (US $3.6 billion) to implement and 
address the issue of elevated concentrations of radionuclides in DW supplies in North 
America. The US EPA has since developed and implemented water monitoring and 
compliance guidelines. Figure 2.22 highlights the provisions of the US EPA’s future 
Water Monitoring and Compliance Guidelines. 
 
Table 2.28 
Conversion of US EPA’s MCL for Ra-226 and Ra-228 Concentrations  
to Annual Dose Levels from the Consumption of 2 Litres  
of Drinking Water Per Day 
 
Ra-226 
mBq/L 
 
Ra-228 
mBq/L 
 
Annual Dose 
mSv y
-1 
 
185 
 
Nil  
 
0.038 
 
Nil 
 
185 
 
0.093 
 
Average 
 
Average 
 
92.5 
 
92.5 
 
0.066 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 2.22     The US EPA’s - water monitoring and compliance guidelines. 
 
Source: US EPA, in: Radionuclides in drinking water: A small entity compliance guide, February (2002). 
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2.12.4  World Health Organization and other Countries  
The WHO’s current radiological DW safety guidelines are based on a recommended 
reference dose level (RDL) of the committed effective dose equal to 0.1 mSv from 1 
year’s consumption of drinking-water. WHO’s guidelines for DW quality can be seen in 
Figure 2.23.  
 
The Canadian guidelines for radiological parameters in DW set a maximum acceptable 
concentration (MAC) for radionuclides in DW based on a committed effective dose of 
0.1 mSv from one year's consumption of DW (Canada Health, 2007). 
 
The basis of setting DW  quality standards in the UK is the European Community 
Directive on the quality of water intended for human consumption. The Directive 
requires that DW be wholesome and clean and that the water must: 
1.  be free from any micro-organisms and parasites and from any substances 
which, in numbers or concentrations, constitute a potential danger to human 
health; and 
2.  meet the minimum requirements (standards) set out in Annex 1, Part A 
(microbiological parameters) and Part B (chemical parameters) 
(International Water Association, 2007). 
 
The European Commission’s Council Directive 98/83/EC - Drinking Water Directive 
guideline for radionuclides in DW are based on a total indicative dose of not more than 
0.1 mSv from one year's consumption of DW (European Commission, 1998). This does 
not include radon and its progeny, or potassium-40 or tritium. 
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Figure 2.23     WHO’s radiological guidelines for drinking water quality.   
Source: WHO, (2006). 
 
2.12.5  California’s Public Health Goals 2006 - Ra-226 and Ra-228 
in Drinking Water  
 
In 2004 the California State  Government  in the USA passed legislation aimed at 
ensuring that DW is safe for children. Assembly Bill 2342 was sponsored by the US 
Environmental Working Group (EWG) which stated that California’s DW standards 
should be strong enough to protect children as well as adults. Thus under new 
Californian law the Californian EPA must give special consideration to infants and 
children and other sensitive populations when reviewing and revising Public Health 
Goals (PHG) for DW.  82 
 
The PHG are formulated by the Californian Office of Environmental Health Hazard 
Assessment (OEHHA) on a scientific basis (EWG, 2004). California health officials are 
not only required to use infant body weight and DW consumption rates in determining 
health risks but the legislation also encourages the Californian EPA to prioritize review 
and revision of contaminates that pose health threats to children and directs the agency 
to also consider the effects of exposure to multiple contaminates in developing 
standards for safe DW (EWG, 2004).  
 
In March 2006 the State of California published new PHG of 0.05 pCi/L (1.85 mBq/L) 
for Ra-226 and 0.019 pCi/L (0.7 mBq/L) for Ra-228. The new PHG are much less than 
the existing Californian EPA and the US EPA’s MCL of 5 pCi/L (185 mBq/L) for 
combined Ra-226 and Ra-228 (OEHHA, 2006). The comparison and conversion of 
these MCL and PHG into effective annual doses are shown in Table 2.29.    
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Table 2.29 
Comparison and Conversion of US EPA’s MCL and California EPA’s PHG  
for Ra-226 and Ra-228 Concentrations to Annual Dose Levels for  
Adults from the Consumption of 2 Litres of Drinking Water Per Day 
   
Ra-226 
Bq/L 
 
Ra-228 
Bq/L 
 
Annual Dose 
mSv y
-1 
U
S
 
&
 
C
a
l
i
f
o
r
n
i
a
 
E
P
A
 
 
 
0.185 
 
Nil  
 
3.8 x 10
-2 
 
Nil 
 
0.185 
 
9.3 x 10
-2 
 
Average 
 
0.0925 
 
0.0925 
 
6.5 x 10
-2 
C
a
l
i
f
o
r
n
i
a
 
P
H
G
 
 
0.00185 
 
- 
 
3.8 x 10
-4 
 
 
- 
 
0.0007 
 
3.5 x 10
-4 
 
 
Average 
 
3.7 x 10
-4 
 
 
 
The new California PHG for Ra-226 and Ra-228 are very stringent compared to other 
DW standards and will no doubt be scrutinized by the scientific community and public 
health authorities around the world. A cost benefit analysis of achieving the PHG in 
regard to the degree of DW treatment required to remove the radium isotopes and an 
epidemiological assessment as to whether there is any positive public health benefits to 
the California community as a result of such treatment will need to be made. It may well 
be that the processes involved in the chemical treatment of California’s DW could end 
up posing a greater threat to public health than the current US EPA’s MCL and the cost 
of achieving the intent of the PHG for Ra-226 and Ra-228 and may prove to be too 
expensive.  
 
CHAPTER 3 
3.0  METHODOLOGY   
3.1  Water Sampling within the Study Area  
 
3.1.1  Water Sampling Locations  
 
The DW supplies sampled in the study area and analyzed for radionuclide content were 
obtained from town-sites within various designated development regions of WA 
including the SW, Goldfields-Esperance, Great Southern, Peel, Perth-Metropolitan Area 
and the Kimberley (Figure 2.7). DW sources were either derived from groundwater 
reserves or surface water reservoirs. Most of water samples were collected from the 
Southern region of WA and were derived from groundwater sources. Table 3.1 shows 
this project’s DW sampling program, including sampling locations and DW sources. 
 
Table 3.1 
Drinking Water Sampling Program 
Western Australia 
 
REGION 
 
I.D. 
 
LOCATION/ 
TOWNSITE 
 
WATER 
SOURCE 
 
SAMPLED 
 
ANALYSED 
P
E
R
T
H
 
 
M
E
T
R
O
P
O
L
I
T
A
N
   
1 
 
Joondalup  
 
Groundwater 
 
9 May 2006 
 
23 May 2006 
 
2 
 
Ardross 
 
Groundwater 
 
13 May 2006 
 
25 May 2006 
 
3 
 
Settlers Hills 
 
Groundwater 
 
13 January 2006 
 
23 May 2006 
 
4 
 
Secret Harbour 
 
Groundwater 
 
13 January 2006 
 
2 March 2006 
 
P
E
E
L
   
5 
 
Meadow Springs 
 
Groundwater 
 
13 January 2006 
 
9 March 2006 
 
6 
 
Port Bouvard 
 
Groundwater 
 
13 January 2006 
 
8 March 2006 
 
S
O
U
T
H
 
W
E
S
T
 
 
 
 
7 
 
Preston Beach 
 
Groundwater 
 
11 January 2005 
 
7 November 2005 
 
8 
 
Myalup 
 
Groundwater 
 
11 January 2005 
 
12 November 2005 85 
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9 
 
Binningup No. 1 
 
Groundwater 
 
25 April 2005 
 
3 May 2005 
 
10 
 
Binningup No. 2 
 
Groundwater 
 
13 January 2006 
 
26 May 2006 
 
11 
 
Westgarth 
 
Groundwater 
 
13 January 2006 
 
7 March 2006 
 
12 
 
Australind 
 
Groundwater 
 
13 January 2006 
 
27 February 2006 
 
 
13 
 
Eaton  
 
Groundwater 
 
11 January 2005 
 
3 May 2005 
 
14 
 
Eaton (Repeat 1) 
 
Groundwater 
 
13 January 2006 
 
 10 March 2006 
 
15 
 
Eaton (Repeat 2) 
 
Groundwater 
 
4 May 2006 
 
24 May 2006 
 
16 
 
Glen Iris 
 
Groundwater 
 
11 January 2005 
 
11 November 2005 
 
17 
 
Bunbury CBD 
 
Groundwater 
 
13 January 2006 
 
3 March 2006 
 
18 
 
Bunbury South 
 
Groundwater 
 
11 January 2005 
 
9 November 2005 
 
19 
 
Burecup No. 1 
 
Groundwater 
 
11 January 2005 
 
10 November 2005 
 
20 
 
Burecup No. 2 
 
Groundwater 
 
4 May 2006 
 
26 May 2006 
 
21 
 
Dardanup  
 
Groundwater 
 
11 January 2005 
 
10 November 2005 
 
22 
 
Dardanup (Repeat 1) 
 
Groundwater 
 
13 January 2006 
 
10 March 2006 
 
23 
 
Dardanup (Repeat 2) 
 
Groundwater 
 
4 May 2006 
 
24 May 2006 
 
24 
 
Donnybrook No. 1 
 
Groundwater 
 
2 February 2006 
 
9 March 2006 
 
25 
 
Donnybrook No. 2 
 
Groundwater 
 
4 May 2006 
 
25 May 2006 
 
26 
 
Greenbushes  
 
Surface 
 
2 February 2006 
 
1 March 2006 
 
27 
 
College Grove 
 
Groundwater 
 
13 January 2006 
 
7 March 2006 
 
28 
 
Dalyellup 
 
Groundwater 
 
13 January 2005 
 
8 November 2005 
 
29 
 
Peppermint Grove 
 
Groundwater 
 
15 January 2005 
 
4 May 2005 
 
30 
 
Capel 
 
Groundwater 
 
13 January 2006 
 
27 February 2006 
 
31 
 
Boyanup 
 
Groundwater 
 
15 January 2005 
 
12 November 2005 
 
32 
 
Hobson St. Busselton 
 
Groundwater 
 
13 January 2006 
 
1 March 2006 
 
33 
 
Kent Street Busselton 
 
Groundwater 
 
13 January 2005 
 
7 November 2005 
 
34 
 
High School Busselton 
 
Groundwater 
 
13 January 2006 
 
6 March 2006 
 
35 
 
Mandalay 
 
Groundwater 
 
4 January 2006 
 
25 March 2006 
 
36 
 
Dunsborough 
 
Groundwater 
 
11 November 2005 
 
3 March 2006 
 
37 
 
Yallingup 
 
Groundwater 
 
12 February 2005 
 
4 May 2005 86 
 
Table 3.1 continued  
 
 
 
38 
 
Margaret River 
 
Surface 
 
18 January 2006 
 
29 May 2006 
 
39 
 
Augusta 
 
Groundwater 
 
4 January 2005 
 
8 November 2005 
 
40 
 
Northcliffe 
 
Groundwater 
 
7 January 2005 
 
15 November 2005 
 
G
R
E
A
T
 
S
O
U
T
H
E
R
N
 
 
41 
 
Denmark 
 
Surface 
 
14 January 2006 
 
30 May 2006 
 
42 
 
Mount Barker 
 
Groundwater 
 
12 January 2006 
 
8 March 2006 
 
43 
 
Albany 
 
Groundwater 
 
8 February 2005 
 
5 May 2005 
 
44 
 
Albany CBD No. 1 
 
Groundwater 
 
8 January 2005 
 
9 November 2005 
 
45 
 
Albany CBD No. 2 
 
Groundwater 
 
3 January 2006 
 
29 May 2006 
 
46 
 
Vancouver Springs 
 
Groundwater 
 
3 January 2006 
 
6 March 2006 
 
47 
 
Cheynes Beach 
 
Groundwater 
 
11 January 2006 
 
2 March 2006 
 
48 
 
Many Peaks 
 
Groundwater 
 
11 January 2006 
 
28 February 2006 
 
G
O
L
D
F
I
E
L
D
S
-
E
S
P
E
R
A
N
C
E
   
49 
 
Hopetoun 
 
Groundwater 
 
15 January 2005 
 
11 November 2005 
 
50 
 
Wellstead 
 
Groundwater 
 
11 January 2006 
 
25 May 2006 
 
51 
 
Esperence 
 
Groundwater 
 
17 January 2006 
 
28 February 2006 
 
K
I
M
B
E
R
E
L
Y
 
 
 
 
 
 
 
 
52 
 
 
 
 
 
 
Broome  
 
 
 
Groundwater 
 
 
 
7  October 
2005 
 
 
 
31  May 2006 
 
 
 
3.1.2  Sampling Protocol  
Water samples were collected randomly from the communities within the study area. 
The water samples were collected in 1 litre polyethylene (PE) bottles by filling them 
with DW from public facilities such as State and local government buildings, schools, 
water standpipes and public DW fountains. A few samples were collected from private 
homes by colleagues who assisted in this project. One sample was collected in Broome 
outside the study area by the author. DW samples collected were mostly derived from 87 
 
groundwater sources apart from three samples which were from surface water 
catchments or artificially made dams or reservoirs. 
 
   3.1.3  Sample Preservation 
Sample stabilization is considered to be crucial for sound analytical results particularly 
in the case of detecting and quantifying Bi-210, Po-210 and Pb-210 concentrations 
(Katzlberger, et al 2001). Without stabilization, sorption effects of PE bottles can result 
in the loss of these radionuclides in solution by up to 88.9%, 95.6% and 92.3% 
respectively (Katzlberger, et al 2001). This is because these radionuclides are generally 
found in natural water as hydrolyzed or “surface active” species which can be adsorbed 
onto small particles in the host rocks of the aquifer or on the walls of sampling bottles.  
 
Katzlberger, et al (2001) found that acidifying the water collected at the time of 
sampling to at least 0.2 M HNO3 would prevent the loss of these radionuclides whilst in 
solution and awaiting radiochemical analysis. This can be achieved by placing 60 mL of 
7 M HNO3 into the 1 litre PE bottles prior to collecting the water samples (Katzlberger, 
et al., 2001). With regard to the detection and quantification of Ra-226 and Ra-228, 
acidification of the water samples is less critical (Wallner, 2005).  
 
However, as the radiochemical analysis of all the water samples was carried out at the 
University of Vienna in Austria the water samples collected as part of this project were 
unable to be acidified due to restrictions in regard to the postage and transportation of 
hazardous substances. Thus the results of the analysis are likely to be underestimates of 
the Pb-210, Po-210 and possibly also the uranium content within the water samples. 
 88 
 
3.2  Radiochemical Analysis of Western Australian Drinking 
Water 
 
3.2.1  Background  
The radiochemical analyses of all the DW samples collected in southern WA were 
ultimately  carried out at the Institute for Inorganic Chemistry  of the University of 
Vienna, UZA II, Zi. 2B 507, A-1090 Vienna, Austria. The reason for this was twofold. 
First, after an exhaustive search of  scientific organizations in Australia and even 
obtaining grants from and attending the Australian Nuclear Science and Technology 
Organization (ANSTO) in 2003, the author reached the conclusion that suitable liquid 
scintillation counting instrumentation to carry out the radiochemical analyses of the DW 
samples was largely unsuitable or unavailable in Australia. Secondly, due to Associate 
Professor Dr Gabriele Wallner’s willingness to assist in this research project, by 
allowing access to her laboratory at the Institute for Inorganic Chemistry  at the 
University of Vienna, and use of its facilities, particularly the Quantulus 1220 Liquid 
Scintillation Counter and her willingness to provide her expertise and guidance in this 
aspect of the work.  
 
3.2.2  Analytical Procedures  
Three radiochemical analytical procedures were carried out to determine and measure 
radioactivity concentrations in DW samples from WA. The first process involved the 
extraction of Ra-224, Ra-226 and Ra-228 and also Pb-210 from the initial DW sample 
by extraction using the radium selective 3M Radium Rad Disk. The second procedure 
involved the extraction of Po-210 from the remaining solution after the extraction of the 
radium isotopes and Pb-210 and is referred to as the polonium deposition procedure. 
The third procedure carried out was to extract uranium isotopes from the remaining 
solution that had already been subjected to the two previous radiochemical processes 
and is referred to the microprecipitation procedure.  89 
 
3.3  Preparation for the Determination of Radium Isotopes 
and  Pb-210 Radioactivity Concentrations in Drinking 
Water   
 
3.3.1  Methodology  
This method is quick and very convenient for determining Ra-226 and Ra-228 activity 
concentrations in DW samples (Wallner et al, 2009). The 3M Empore
TM Radium Rad 
Disks were developed to eliminate many of the radiochemical steps involved in US 
EPA Methods that have been used previously to determine radium in aqueous samples.  
 
Radium Rad Disks are unique products that simplify conventional radiochemical sample 
preparation methods (3M, 2006) by avoiding time-consuming steps of pre-concentration 
of water samples, co-precipitation of Ra with BaSO4 and conversion of the sulfate to 
carbonate (Wallner, 2001).  
 
The Radium Rad Disk is a 47 mm diameter membrane that contains special element-
selective sorbent particles that facilitate the selective adsorption and concentration of 
radium isotopes from water samples that are filtered through the disk (3M, 2006: 
Wallner, 2001: Wallner et al, 2009) [Figure 3.1].  
 
Pb-210 also happens to be co-extracted with the radium isotopes which gives a peak 
partly overlapping with the Ra-228 peak (Wallner, 2006). Ra and Pb are stripped from 
the Radium Rad Disk as Ra (Pb)-EDTA-complexes (Wallner, 2009). 
 
3.3.2  Procedure  
1.  The water sample is first transferred from a 1 L plastic bottle into a 2.5 L glass 
beaker.  90 
 
2.  The plastic bottle was then washed out with 2 x 10 mL of concentrated HNO3 
and the contents also transferred into the 2.5 L glass beaker. This step was 
carried out to help remove Pb-210 and Po-210 stuck to the walls of the plastic 
bottles as the water samples were unable to be acidified at the time of sampling. 
3.   The filtration unit was then assembled by attaching a 250 mL glass flask and 
filter to a 1 L vacuum glass flask and placing a 3M Empore
TM Radium Rad Disk 
(disk) into the filter reservoir (Figures 3.2 and 3.3). 
4.  The filtration unit was then prepared by washing the disk with 6-7 mL of 2M 
HNO3 and a few mL of distilled water and sucking it into the 1 L glass vacuum 
flask. The contents of the 1 L glass vacuum flask were then flushed down the 
sink and the flask washed out with distilled water.  
5.  The filtration unit was then reassembled and the 1 L water sample was then 
passed through the filtration unit into a 1 L glass vacuum flask (Figure 3.4).  
6.  The filter was then washed with 2-5 mL of distilled water. The filtration unit 
was then disconnected from the 1 L vacuum flask and reassembled with a 20 mL 
test tube (the filtrate was kept for Po-210 and U determination).  
 
 91 
 
 
Figure 3.1     3M
TM Empore Radium Rad Disk. 
 
 
 
  
Figure 3.2     Filter unit components.  
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Figure 3.3     Filter unit with 3M
TM Empore Radium Rad Disk.  
 
7.  Then 7.5 mL of 0.25 M alkaline EDTA (ethylenediaminetetraacetic acid) was 
transferred onto the disk and sucked into a test tube (Figure 3.5). The purpose of 
applying the EDTA was to elute or release the radium isotopes and any lead-210 
from the disk in the filter unit (complex formation).  
8.  Then 2-5 mL of 2 M HNO3 was transferred onto the filter disk to keep it moist. 
The collection efficiency for both the radium isotopes and lead-210 is thought to 
be 100% (Wallner, 2001). 
9.  The contents within the test tube were then transferred into a 20 mL glass beaker 
with a glass stick and placed onto a hot plate and evaporated to 2 mL and then 
allowed to cool down sufficiently (Figure 3.6).  
10.  The solution was then transferred into a 20 mL  plastic liquid scintillation 
counting vial and topped up with 18 mL  of  OptiPhase HiSafe III liquid 
scintillation cocktail (Figures 3.7 and 3.8).  93 
 
 
Figure 3.4     Filtration unit assembly. 
 
 
Figure 3.5      Elution of radium isotopes and lead-210 into test tube via use of 0.25 
M alkaline EDTA solution. 
 94 
 
 
Figure 3.6     Evaporation of EDTA solution to 2 mL. 
 
 
 
 
 
Figure 3.7     Cooling of 2 mL solution prior to transferring into 20 mL liquid 
scintillation counting vial.  
 95 
 
 
Figure 3.8  OptiPhase ‘Hi Safe’ 3 Liquid scintillation cocktail. 
 
11.  The vial was shaken and then put into a refrigerator and allowed to cool for one 
hour prior to putting it into the Quantulus 1220
TM Liquid Scintillation Counter. 
This is to permit chemiluminescence, which occurs at the very low energy end 
of the beta-spectrum to fade away prior to measurement.     
 
3.4  Measurement of Ra-226, Ra-228 and Pb-210 Radioactivity 
Concentrations   
 
3.4.1  Instrumentation – Quantulus 1220 LSC   
 
The Quantulus 1220 has advantages of having an extremely low background for 
performing radioactivity measurements, a counting efficiency of close to 100% for 
alpha emitters and very good alpha/beta-separation/discrimination capabilities 
(Schonhofer and Wallner, 2001). The Quantulus can detect beta and alpha radiation, 96 
 
Cerenkov radiation, X-rays, Auger electrons, luminescence and gamma radiation. The 
Quantulus has two photomultiplier tubes (PMTs) to detect background events and two 
other PMTs for coincident sample counting (the background PMTs are operated in anti-
coincidence with the sample PMTs). With Quantulus, Pulse Shape Analysis (PSA) 
facilitates the simultaneous measurement of pure alpha and beta spectra when counting 
samples containing alpha as well as beta-emitters (PerkinElmer, 2002: PerkinElmer, 
2005) [Figure 3.9]. Light pulses following alpha decay have a longer life-time than 
those following beta decay and so by discriminating by the duration of the generated 
light pulses the two sorts of emitters in a mixed sample can be electronically 
distinguished. However, there is also a disadvantage connected with LSC: the alpha-
peaks are rather broad due to a very poor energy resolution (compared to a spectrum 
measured with a semiconductor detector). This means that a spike cannot be added to 
the sample for yield determination. Therefore, the yield of the chemical procedure has 
to be determined on separate samples and it must be guaranteed that this yield is 
reproducible. This was the case with the investigated water samples due to the highly 
reproducible 100% Ra and Pb extracting Radium Disks. 
 
Figure 3.9  Radium-226 alpha and beta particle spectra display via PSA. 
 
Source: Quantulus Product Information Brochure: PerkinElmer Life Sciences, 2002. 97 
 
3.4.2  Measurement of Ra-226, Ra-228 and Pb-210  Radioactivity 
Concentrations in Drinking Water  
 
R-226, Ra-228 and Pb-210 radioactivity levels were measured with an ultra low-level 
liquid scintillation spectrometer, the Quantulus 1220. The blank count rate for Ra-226 
and Ra-228 was 0.15 ± 0.04 cpm and 1.5 ± 0.1 cpm respectively (the quoted errors are 3 
σ counting errors) and was predetermined by measuring the radioactivity of distilled 
water and EDTA (Wallner, 2001: Wallner et al, 2009). The lower limits of detection 
(LLD) on a 3 σ level for Ra-226, Ra-228 and Pb-210 per sample for a counting times of 
500 minutes are 0.7 mBq, 4 mBq (provided that Pb-210 has been completely removed 
by carbonate complexation) and 2 mBq respectively (Schonhofer and Wallner, 2001: 
Wallner, 2001: Wallner et al, 2009). In our samples Pb-210 was measured together with 
the Ra isotopes. This lowers a little bit the accuracy of the Ra-228 determination as both 
radioisotopes are weak beta-emitters (Ra-228: Emax = 39.0 keV (60%) and 14.5 keV 
(40%) and Pb-210: Emax = 16.5 keV (80%) and 63.0 keV (20%)) and therefore Pb-210 
can interfere with Ra-228 (Schonhofer and Wallner, 2001: Wallner, 2001).  
 
Nevertheless, Ra-228 and Pb-210 can still be determined in the same measurement if a 
slightly higher LLD for Ra-228 is accepted which will lower the detection levels of both 
radioisotopes (Wallner, 2001). It is also possible to identify Ra-224 if it is present. 
However, the sample storage time must be short and more importantly the water sample 
must contain Th-228, which usually precipitates or adsorbs very quickly (Wallner, 
2001). Figure 3.10 shows the 1220 Quantulus
TM Liquid Scintillation Counter used to 
measure radium isotopes and Pb-210 in WA DW samples.  
 
The experimentally determined chemical yield of the procedure is 100% for both the Ra 
isotopes and Pb-210 (Schonhofer and Wallner, 2001: Wallner et al, 2009). The counting 
efficiency of Ra-228 and Ra-226 was previously determined with a standard solution 98 
 
and found to be 57% and 100% respectively (Wallner, 2001: Wallner and Steininger, 
2007). The counting efficiency for Pb-210 is also approximately 100% even though the 
counting efficiency for betas in this range is about 50%. However, Pb-210 emits 200 
betas/electrons per 100 decays due to conversion (Schonhofer and Wallner, 2001: 
Wallner, 2009). Figure 3.11 shows prepared DW samples being loaded into the 1220 
Quantulus
TM Liquid Scintillation Counter. 
 
 
 
Figure 3.10  The 1220
 Quantulus
TM Liquid Scintillation Counter manufactured by 
Wallac of Finland. 
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Figure 3.11  Loading prepared samples into the 1220
  Quantulus
TM  Liquid 
Scintillation Counter. 
 
3.5  Determination of Po-210 Radioactivity Concentrations in 
Drinking Water by the Deposition Procedure  
 
 Polonium is separated from other ions in solution by spontaneous deposition onto a 
copper planchet. The chemical yield of the procedure is 25-30% with a counting time of 
1000 min the LLD of Po-210 was estimated to be about 2 mBq/sample (Wallner et al, 
2008). This planchet can then be measured by an α-spectrometer (silicon surface barrier 
detector). The deposition procedure was carried out as follows: 
1.  A polonium and uranium spike were added to the remainder of the 1 L water 
sample previously filtered through the Radium Rad Disk. The original solution 
was 0.32 M HNO3. The spikes are 15 µL of Po-208 with an activity of 40.5 mBq 
and 10 µL of U-232 with an activity of 18.05 mBq. The spikes are put into the 
sample to correct for losses of Po and U that occur during the sample preparation 100 
 
and to correct also for the counting efficiency of the alpha-spectrometer 
(surface-semiconductor). 
2.  The solution is then evaporated to dryness in a glass beaker and allowed to cool. 
Approximately 5 mL of distilled water was added to wash down the walls of the 
glass beaker.  
3.  The solution was transferred to a 600 mL glass beaker and 30 mL of distilled 
water and 15 mL of 12 M (concentrated) HCℓ (37% HCℓ) was added to the 
solution, which was then evaporated to dryness and the glass beaker allowed to 
cool.  
4.  The procedure was repeated. (The HCℓ was added to eliminate the nitrates.) 
5.  Then 56 mL of distilled water was added and used to wash down the walls of the 
glass beaker.  
6.  Then 4 mL of 12 M HCℓ was added and also used to wash down the walls of the 
glass beaker (resulting sample solution ca. 0.7 M HCℓ).  
7.  The solution was thoroughly mixed and put in an ultra sound bath for one 
minute.  
8.  The solution was then transferred into a 100 mL glass beaker.  
9.  A 12 mL diameter copper disk was then prepared by washing it with 2 M HC ℓ 
and rinsing it with distilled water.  
10.  The copper disk and a magnetic pellet were put into the solution in the 100 mL 
glass beaker and a glass plate was placed over the beaker which was then put 
onto a hotplate magnetic stirrer for 2-3 hours (Figure 3.12). The solution needed 
to be heated up to 80-90° C and the copper disk should constantly be spun for 
the entire time. The temperature required periodic checking and the procedure 
usually took  2.5 hours. Any polonium present in the solution will deposit 101 
 
spontaneously onto the copper disk. The solution turned light green in colour 
from dissolved Cu (Figure 3.13).  
11.  When the procedure was finished the copper disk was removed from the glass 
beaker rinsed with distilled water and dried over the hotplate.  
12.  The copper disk was then labeled appropriately and placed into the disk holder 
for counting in the alpha spectrometer (Figure 3.14).   
  
 
 
 
 
Figure 3.12  Solution containing copper disk on hotplate magnetic stirrer for 
polonium deposition. 
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Figure 3.13  Remaining solutions after polonium deposition procedure. 
 
 
 
Figure 3.14  Copper disk holder for counting in alpha spectrometer.  
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3.6  Determination  of U-234 and U-238 Concentrations in 
Drinking Water by the Microprecipitation Procedure 
 
The uranium microprecipitation procedure is based on carrying out further 
radiochemistry techniques that have been designed to eliminate unwanted compounds 
from the solution remaining after the polonium precipitation procedure (uranium 
purification by anion exchange) and then to prepare the uranium  for the micro-
precipitation with neodymium-flouride.  The procedure is carried out as follows: 
1.  The solution remaining from the polonium deposition procedure was transferred 
into a 250 millilitre glass beaker. The solution was light green in colour and was 
evaporated down to dryness leaving an orange yellow residue.  
2.  The beaker was allowed to cool down and then 30 mL of concentrated HCℓ and 
2-3 mL of distilled water were added and used to wash down the walls of the 
beaker and dissolve the residue. The solution turned yellow (Figure 3.15).  
3.  The solution was evaporated to dryness and left an orange residue in the beaker 
which was then allowed to cool down.  
4.  Then 80 mL of 8 M HCℓ was added and used to wash down the walls of the 
beaker and dissolve the residue. The solution turned yellow and if solid particles 
were seen in the solution the beaker was put into the ultra sound bath for 15 
seconds to help dissolve the particles.  
5.  The glass filtration unit was then prepared by wetting/covering the filter with a 
few mL of distilled water and 2-3 mL of 8 M HC ℓ which were sucked through 
the filter and discarded (Figure 3.16).  
6.  Then the yellow solution in the 250 millilitre glass beaker was put through the 
glass filter unit (Figure 3.17). The filtered contents were then transferred into a 
200 mL glass beaker.   104 
 
7.  The ion exchange column was then prepared by wetting the pre-conditioned 
Dowex 1X2 (100-200 mesh) (resin) within the column with a few mL of 8 M 
HCℓ.  
8.  Then the sample (yellow solution, U is now in the form of [UO2Cl4]
2-) was 
pipetted slowly into the exchange column and allowed to pass through the resin 
and the liquid was collected in a 250 mL glass beaker (Figure 3.18). The resin 
attracted the uranium complex and allowed the thorium and calcium isotopes to 
pass through the resin into the glass beaker.  
 
 
Figure 3.15  Commencement of uranium precipitation procedure. 
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Figure 3.16  Glass filtration unit. 
 
 
Figure 3.17  Sample passing through glass filtration unit. 106 
 
9.  Then 50 mL of 8 M HCℓ was pipetted into the exchange column and allowed to 
pass through the resin into the 250 mL glass beaker to remove any Th and Ca 
(Ca would also precipitate with NdF3, giving a too thick counting source). 
However, care was taken not to allow the resin to run dry.  
10.  The 250 mL glass beaker was then removed from beneath the exchange column 
and was replaced with a 250 millilitre white Teflon beaker.  
 
 
Figure 3.18  Sample passing through the Dowex Resin in the ion exchange column. 
 
11.  Then 90 mL of 0.1 M HCℓ  was pipetted into the exchange column and allowed 
to pass through the resin into the Teflon beaker. The resin changed back to its 
original pink-cream colour (Figure 3.19). The 0.1 M HC ℓ release d the uranium 
isotopes from the resin (the tetrachloro-complex decomposes in the diluted HCℓ 
and U
VI is set free). 107 
 
12.  The Teflon beaker was then placed on the hot plate and the solution was 
evaporated to dryness (Figure 3.20). The yellow solution evaporated and left a 
black residue (Figure 3.21). Care was taken not to melt the Teflon beaker whilst 
the solution was evaporating.  
 
 
Figure 3.19  Collection of uranium isotopes in Teflon beaker. 
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Figure 3.20  Teflon beakers on hotplate. 
 
 
 
 
 
Figure 3.21  Residue left after evaporation of uranium solution. 
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13.  Once the solution had evaporated the Teflon beaker was allowed to cool down 
and placed into a dish of cold water.  
14.  Then 5 mL of concentrated HNO3 and a few drops of H2O2 were pipetted into 
the Teflon beaker. The beaker was then put on the hotplate and the solution was 
evaporated  to dryness. This step was  carried out 3 times and was  done to 
eliminate any resin and organic molecules left in the solution.  
15.  Then 5 mL of concentrated HCℓ  were pipetted into the Teflon beaker. The 
solution was light blue in colour. The beaker was then put onto the hotplate and 
the solution was evaporated to dryness. This step was also carried out 3 times. 
However, a lower heat was used to evaporate the solutions. The purpose of the 
concentrated HCℓ was to fix the chlorides for the precipitation and eliminate the 
nitrates which did not facilitate precipitation.  
16.  Then 2 mL of 1 M HC ℓ was pipetted into the Teflon beaker. The beaker was 
placed in the ultra sound bath for about 15 s to help dissolve any particles left in 
the solution. The solution was light blue in colour and was transferred into a 
plastic test tube.  
17.  Then 1 mL of 1 M HC ℓ was pipetted into the Teflon beaker. The beaker was 
placed in the ultra sound bath for about 15 s to help dissolve any particles left in 
the solution.  
18.  The solution was used to rinse out the beaker and the contents were also 
transferred into the plastic test tube. This step was repeated once more.  
19.  Then 100 µL of a neodymium solution (Nd2O3 in 1M HCℓ, 0.5 mg Nd/mL) was 
pipetted into the test tube and shaken well. 
20.   Then a few drops of titanium chloride (15%) were added to the test tube until 
the solution turned violet (U
VI is reduced to U
IV). Again the solution was shaken 
well. Then 0.5 mL of hydrofluoric acid [HF] (40%) was pipetted into the test 110 
 
tube which was shaken well and then put on ice for 30 minutes – the NdF3 
precipitate containing also U forms.  
21.  Then the filter unit was prepared (Figures 3.22 and 3.23). Note a 25 mm 
diameter 0.2 µm Tuffryn membrane filter was used (shinny side down).  
22.  Once the filter unit was assembled 2 mL of ethanol (100%) was pipetted onto 
the filter and sucked through into the glass flask. This step was repeated plus 2-3 
mL of distilled water was also placed onto the filter and sucked through into the 
glass flask. 
23.  Then 4 mL of neodymium flouride (NdF3) solution was pipetted onto the filter 
and sucked through into the glass flask. This step was also repeated and the filter 
was ready for the sample.  
 
 
Figure 3.22  Filtration unit components. 
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Figure 3.23  Filtration unit assembly for U-234 and U-238 precipitation.   
 
24.  The plastic test tube was taken off ice and placed into the ultra sound bath for 60 
s.  
25.  Then the solution in the test tube was pipetted onto the filter and sucked into the 
glass flask.  
26.  Then 2 mL of 0.58 M HF was pipetted into the test tube, which was then placed 
into the ultra sound bath for 15 s and the contents put through the filter into the 
glass flask. This step was done to rinse out the test tube and is repeated. 
27.   Then 2 mL of distilled water was pipetted into the test tube, which was then 
placed into the ultra sound bath for 15 s and the contents put through the filter 
into the glass flask. This step was also done to rinse out the test tube and was 
repeated. The HF and distilled water also washed the filter.  
28.  Then 2 mL of ethanol (80%) was pipetted onto the filter and sucked through into 
the glass flask. This step was repeated.  112 
 
29.  The vacuum was continued for 10 minutes to dry the filter. The filter was then 
removed from the filter reservoir and placed into a copper metal holder (Figure 
3.24).  
30.  The filter holder was placed on a window sill and left to dry completely. The 
bottom of the copper disk holder was labeled to identify the sample. 
  
 
Figure 3.24  Copper filter holders and filters prepared for counting in the alpha 
spectrometer. 
 
3.7  Measurement of Po-210,  U-234 and U-238  Radioactivity 
Concentrations in Drinking Water 
 
3.7.1  Instrumentation   
 
Alpha spectrometry is an analytical technique used for determining the activity of 
individual radionuclides by separating alpha particles according to their unique spectral 
energies and measuring the amount detected over a specified time. The basic alpha 
spectroscopy system consists  of an alpha spectrometer which comprises a vacuum 113 
 
chamber, an alpha detector/s, electronic amplifier, an analog-to-                                                                                                                                       
digital converter (ADC), a multi-channel analyzer (MCA) and a computer system 
including computer software (Canberra, 2000). The samples are placed on the sample 
holder in the alpha spectrometer which is then evaluates alpha particles electronic 
signals in the detectors that are analyzed by the MCA which generates a digital energy 
spectrum.  
 
3.7.2  Measurement of Po-210, U-234 and U-238 Concentrations in 
Drinking Water  
 
Po-210, U-234 and U-238 concentrations were measured with an alpha spectrometer, a 
Canberra Tennelec TC 256 Alpha Spectrometer (Figure 3.25). The counting efficiency 
for the Tennelec TC 256  Alpha Spectrometer was previously determined with a 
standard sample and found to be 31% and 28.7% for Po-208 and U-232 respectively 
(Wallner, 2006). A sample counting time of 2000 min was used. At the time of the 
investigation two counting chambers were available to count 2 samples at a time. 
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Figure 3.25  Alpha Spectrometer, sample changer and computer system for 
measuring alpha radiation. 
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CHAPTER 4 
4.0  RESULTS 
4.1  Measurement Results  
 
4.1.1  Radioactivity Concentrations in Western Australian 
Drinking Water and Corresponding Annual Dose Rates 
 
Results of the measurement of radioactivity concentrations found in selected WA public 
DW supplies are provided in Tables 4.1 to 4.9. A summary of the individual 
radioactivity concentrations (mBq/L
-1) of Ra-226, Ra-228, Ra-224, Pb-210, Po-210, U-
234 and U-238 found are presented in Table 4.10. The mean radioactivity 
concentrations of Ra-226, Ra-228, Ra-224, Pb-210, Po-210, U-234 and U-238 were 
found to be 32.6, 47.3, 1.5, 0.7, 7.1, 3.3 and 2.3 mBq L
-1 respectively. Ra-226, Ra-228, 
and Pb-210 concentrations were measured in all 52 DW samples. Po-210 concentrations 
were measured in only 25 of the DW samples and U-234 and U-238 concentrations 
were measured in only 23 of the DW samples. Polonium and uranium concentrations 
could not be measured in all 52 DW samples due to time constraints involving he much 
longer sample preparation times and counting times of 72 hours per radionuclide per 
DW sample, compared to 8 hours for the radium isotopes and Pb-210 combined and 
time available to travel to Austria and carry out the analyses. 
  
4.2  Calculation of Dose Rates  
 
4.2.1  Dose Rates from Radioactivity Concentrations in Western 
Australian Drinking Water  
 
The method used to calculate the annual radiation doses received by the community 
from Ra-226, Ra-228, Ra-224, Pb-210, Po-210, U-234 and U-238 found in selected WA 
public  DW supplies in WA, was based on the US NAIMFNB’s, Recommended 
Adequate Intakes for Water, (2004) i.e. daily consumption rates for different age groups 116 
 
(adopted by the WHO), multiplied by the radioactivity concentrations measured and 
further multiplied by the corresponding ICRP’s (1996) radiation dose coefficients 
specified for ingestion. The method used to calculate the annual radiation dose received 
from the consumption of DW is shown in Figure 2.14.  
 
 The combined annual radiation dose (mSv y
-1) from all the radioactivity concentrations 
from these radionuclides was also calculated for different age groups, including those 
for children. These results are presented in Tables 4.1 to 4.9. A summary of values for 
each radionuclide are presented Table 4.11. The mean annual radiation doses from Ra-
226, Ra-228, Ra-224, Pb-210, Po-210, U-234 and U-238 for all age groups combined 
were found to be 0.019, 0.121, < 0.001, 0.001, 0.017, < 0.001 and < 0.001 mSv y
-1 
respectively.  
 
A summary of the combined annual community radiation dose is presented in Table 
4.12. The mean annual radiation dose from combined Ra-226, Ra-228, Ra-224, Pb-210, 
Po-210,  U-234 and U-238  concentrations was 0.148 mSv y
-1. A summary of the 
combined annual community radiation dose received by different age groups are 
presented in Table 4.13. The mean annual doses for adults, 15 year olds, 10 year olds, 5 
year olds, 1 year olds, three months and pregnant and lactating females were found to be 
0.049, 0.291, 0.015, 0.009, 0.011, 0.040 and, 0.005 mSv y
-1 respectively.  
 
 
4.3  Comparison of Western Australian Drinking Water with 
other Countries 
 
4.3.1  Western Australian Drinking  Water  and  the Radiological 
Safety Guidelines of Other Countries 
 
The results of measurements of radioactivity concentrations and the corresponding 
annual radiation doses found in selected WA public DW supplies are compared for 117 
 
compliance with the radiological guidelines for DW, (annual dose limits), of Australia 
and other countries are presented in Tables 4.1 to 4.9. The USA EPA’s MCL and the 
California EPA’s PHG for Ra-226 and Ra-228 radioactivity concentrations have been 
converted to doses. 
 
The results provided for each country or group of countries/States are color coded Yes 
or  No  to indicate how  the radioactivity concentrations and thus the corresponding 
annual radiation dose rates found in the selected WA public DW supplies, compared 
with the relevant radiological guidelines, MCL or PHG of other countries/States.    
 
A summary of comparison of results of the DW samples from WA with the radiological 
guideline values of countries for combined age groups from the consumption of WHO’s 
recommended adequate intakes of DW per day are presented in Table 4.14. The results 
indicate that of the 52 WA water samples analyzed, 94% complied with the ADWG 
radiological guideline value of 1.0 mSv y
-1, 15% complied with the Canadian, the 
European Union (including the UK), and the WHO’s radiological guideline limit of 0.1 
mSv y
-1, 12% complied with the US EPA’s guideline limit for combined Ra-226 and 
Ra-228 concentrations and 0% complied with the California EPA’s PHG average of 
0.0004 mSv y
-1 (0.4 µSv y
-1)
  for both Ra-226 and Ra-228.
   
 
4.3.2  Significant Results of Western Australian Drinking Water   
 
Results of significance are those for Donnybrook 1 (1.1 mSv y
-1 for 3 months old  and 
0.9 mSv y
-1 for 15 year olds), Donnybrook 2 (1.6 mSv y
-1 for 3 months old  and 1.2 mSv 
y
-1 for 15 year olds) and Broome (2.1 mSv y
-1 for 3 months old and 1.6 mSv y
-1 for 15 
year olds ) as these results exceed the radiological guideline value of the ADWG (2004) 
of 1.0 mSv y
-1 and the radiological guideline value of other developed countries of 0.1 118 
 
mSv y
-1. Other townsites which are also significant for the 3 months age group include, 
Eaton (Repeat 1) 1.0 mSv y
-1, Dardanup (Repeat 2) 0.7 mSv y
-1, Eaton 0.7 mSv y
-1, 
Dardanup (Repeat 1) 0.7 mSv y
-1, Eaton (Repeat 2) 0.6 mSv y
-1, Cheynes Beach 0.5 
mSv y
-1, Hobson Street Busselton 0.5 mSv y
-1, Albany (Repeat 1) 0.5 mSv y
-1, 
Australind 0.5 mSv y
-1,
  Dardanup 0.5 mSv y
-1,
  Burecup 0.5 mSv y
-1,
  Kent Street 
Busselton 0.4 mSv y
-1, Dalyelup 0.4 mSv y
-1,
 College Grove 0.4 mSv y
-1 and Hopetoun 
0.4 mSv y
-1. Although these results did not exceed the radiological guidelines of the 
ADWG they did exceed the radiological guideline value of Canada, Europe, USA, UK 
and the WHO.  
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Table 4.10 
Summary of Individual Radionuclide Concentrations (mBq L
-1) Found  
in Selected Western Australian Public Drinking Water Supplies 
 
Radionuclide 
 
Arithmetic 
Mean 
 
Number of 
Samples 
Analyzed 
 
Number 
of Times 
Detected 
 
Minimum 
Value 
 
Maximum 
Value 
 
Standard 
Deviation 
 
Radium-226 
 
32.6 
 
52 
 
52 
 
3.2 
 
151.1 
 
29.2 
 
Radium-228 
 
47.3 
 
52 
 
45 
 
<LLD 
 
296.1 
 
53.6  
 
Radium-224* 
 
1.5 
 
52 
 
1 
 
<LLD  
 
77.7 
 
10.8 
 
Lead-210 
 
0.7 
 
52 
 
6 
 
<LLD 
 
13.4 
 
2.2 
 
Polonium-210 
 
7.1 
 
25 
 
24 
 
0.6 
 
21.7 
 
6.2 
 
Uranium-234 
 
3.3 
 
23 
 
20 
 
0.6 
 
12.8 
 
3.6 
 
Uranium-238 
 
2.3 
 
23 
 
20 
 
0.4 
 
14.3 
 
      3.2 
 
LLD for radium-228 < 4.0 mBq/L; LLD for radium-224 < 5.0 mBq/L; LLD for lead-210 < 2.0 mBq/L.  
 
*Radium-224 was only found in 1 of the 52 samples measured and therefore the mean 
and standard deviation are of little significance. 
 
Table 4.11 
Summary of Annual Dose (mSv y
-1) for All Age Groups from Individual Radionuclides 
Found in Selected Western Australian Public Drinking Water Supplies 
 
Radionuclide 
 
Arithmetic 
Mean 
 
Number of 
Samples 
 
Minimum 
Value 
 
Maximum 
Value 
 
Standard 
Deviation 
 
Radium-226 
 
0.019 
 
52 
 
0.001 
 
0.215 
 
0.024 
 
Radium-228 
 
0.121 
 
52 
 
<0.001 
 
1.945 
 
0.196 
 
Radium-224 
 
<0.001 
 
52 
 
<0.001 
 
0.046 
 
0.003 
 
Lead-210 
 
0.001 
 
52 
 
<0.001 
 
0.015 
 
0.003 
 
Polonium-210 
 
0.008 
 
25 
 
<0.001 
 
0.124 
 
0.015 
 
Uranium-234 
 
<0.001 
 
23 
 
<0.001 
 
0.001 
 
0.000 
 
Uranium-238 
 
<0.001 
 
23 
 
<0.001 
 
0.001 
 
0.000 129 
 
Table 4.12 
Summary of Combined Annual Dose (mSv y
-1) for All Age Groups from Radium-226, 
Radium-228, Radium-224, Lead-210, Polonium-210, Uranium-234 and  
Uranium-238 Concentrations Found in Selected Western Australian  
Public Drinking Water Supplies 
 
Arithmetic 
Mean 
 
Number of 
Samples 
 
Minimum 
Value 
 
Maximum 
Value 
 
Standard 
Deviation 
 
0.148 
 
52 
 
0.002 
 
2.059 
 
0.216 
 
 
Table 4.13 
Summary of Annual Dose (mSv y
-1) for Different Age Groups from Combined Radium-
226, Radium-228, Radium-224, Lead-210, Polonium-210, Uranium-234 and  
Uranium-238 Concentration Found in Selected Western Australian 
Public Drinking Water Supplies 
 
Age Group 
 
Arithmetic 
Mean 
 
Minimum 
Value 
 
Maximum 
Value 
 
Standard 
Deviation 
 
Adults 
 
0.049 
 
0.002 
 
0.241 
 
0.046 
 
15 years 
 
0.291 
 
0.009 
 
1.591 
 
0.297 
 
10 years 
 
0.015 
 
0.003 
 
0.805 
 
0.148 
 
5 years 
 
0.009 
 
0.002 
 
0.471 
 
0.086 
 
1 year 
 
0.011 
 
0.003 
 
0.593 
 
0.109 
 
3 months 
 
0.040 
 
0.009 
 
2.059 
 
0.377 
 
Pregnant 
Females 
 
 
0.008 
 
 
0.004 
 
 
0.399 
 
 
0.076 
 
Lactating 
Females 
 
 
0.005 
 
 
0.003 
 
 
0.274 
 
 
0.052 
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Table 4.14 
 
Comparison of Results of Drinking Water Samples from Western Australian Public 
Drinking Water Supplies with Radiological Guideline Values of Countries/ 
Organizations for Combined Age Groups from the Consumption of WHO’s 
Recommended Adequate Intakes of Drinking Water Per Day 
 
Country 
 
Guideline Value  
mSv y
-1 
 
Percentage of  
Compliance of Drinking 
Water Samples 
 
Australia 
 
1.0 
 
94% 
 
Canada 
 
0.1 
 
15% 
 
Europe 
 
0.1 
 
15% 
 
United States EPA 
 
0.066* 
 
12% 
 
Californian EPA PHG 
 
0.0004* 
 
0% 
 
United Kingdom 
 
0.1 
 
15% 
 
World Health Organization 
 
0.1 
 
15% 
 
* These guideline values are derived from US EPA’s MCL and California EPA’s PHG 
for  radium-226 and radium-228 concentrations and converted to annual radiation 
doses. 
 
 
 
4.3.3  Alpha and/or Beta Spectrometry Results for Ra-224, Ra-
226, Ra-228 and Pb-210  
 
The results of alpha and/or beta spectra of Ra-224, Ra-226, Ra-228 and Pb-210 detected 
and measured in WA DW samples using a liquid scintillation counter are presented in 
Appendices - 1-75. 
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CHAPTER 5   
5.0  DISCUSSION  
5.1  Significance of the Results 
 
5.1.1  Australian Drinking Water Guidelines 
Forty nine (94%) of the 52 WA DW samples measured complied with the radiological 
safety guidelines outlined within the ADWG [Table 5.1]. However, it must be 
acknowledged that the guideline value of radioactivity allowed in Australian DW (i.e. 
an annual effective dose of 1.0 mSv per year) is 10 times higher than the guideline value 
adopted by other developed countries, including Canada (Canada Health, 2007), the 
European Union (European Commission, 1998), the USA (US EPA, 2000) and also by 
the WHO (WHO, 2006).   
 
5.1.2  Canada, the European Union and the WHO 
 
The radiological guideline value for DW in Canada, the European Union (EU) and the 
WHO is 0.1 mSv y
-1, which is 10 times lower than the ADWG. The EU is to consider 
reducing their DW  guideline value to 0.05 mSv y
-1  (Katzlberger, 2001). However, 
according to Associate Professor Dr Gabriele Wallner, the current value of 0.1 mSv y
-1 
remained unchanged when the EU reconsidered the legislative status of the guidelines in 
the latter half of 2007 (Wallner, 2007).  
 
Table 5.1 contains a comparison with the radiological safety standards for DW  of 
Canada, the EU and the WHO in relation to the results obtained for the DW samples 
from WA analyzed in this study. 
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5.1.3  US EPA’s – Guidelines for Radium 
 
The US EPA’s MCL for combined Ra-226 and Ra-228 is 5 pCi or 0.185 Bq/L (US 
EPA, 2000) which converts into an average annual combined effective dose of 0.066 
mSv y
-1  which  is more than 15 times lower than the ADWG  value  (Table 5.1). It 
appears that an anomaly exists in regard to the US EPA standard, as the permitted MCL 
or individual converted dose, based on the consumption of 2 litres of water per day for 
an adult, of Ra-28 (0.093 mSv y
-1) is approximately 2.5 times higher than Ra-226 
(0.038 mSv y
-1). The anomaly is that Ra-228 is already 2.5 times more radiotoxic than 
Ra-226, i.e. the ICRP’s (1996) dose coefficient in mSv/Bq for Ra-228 is 0.00069 and is 
therefore 2.5 times higher that the Ra-226 dose coefficient of 0.00028. This seems to 
suggest that the more hazardous nature of the radiotoxicity of Ra-228 when compared to 
Ra-226 has not been sufficiently recognized by the US EPA. The reasons for this are 
unclear however they might be attributed to previous knowledge held by the US EPA, 
prior to the adoption of their Final Rule (US EPA, 2000). Furthermore, the US EPA at 
the time was of the view that if Ra-226 was found in a water sample then Ra-228 would 
be absent (US EPA, 2000), which is now known to be not the case (Vesterbacka, 2005: 
OEHHA, 2006). However, Wallner of Austria most likely sums it up best: 
 
“Until now only scarce data on 
228Ra can be found, probably due to the fact that the old 
methods for the determination of this weak  β-emitter were rather time-consuming 
(separation and measurement of the 
228Ra daughter 
228Ac, also a β-emitter. However, 
nowadays a quick liquid scintillation counting (LSC) method exists with α/β-separation 
by pulse shape analysis after co-precipitation of the radium isotopes with BaSO4 or 
after separation of radium by a membrane loaded with element-selective particles. 
Using this method the radium isotopes are measured directly and simultaneously” 
(Wallner, et al, 2008). 133 
 
Table 5.1 
Comparison of Compliance of Drinking Water Samples from Western Australia with 
Radiological Guideline Values of Countries/Organizations for Combined Age  
Groups from the Consumption of WHO’s Recommended Adequate  
Intakes of Drinking Water Per Day 
 
Country/Organizations  
Guideline Value  
mSv y
-1 
 
Compliance of WA Drinking Water 
Samples 
 
Australia 
 
1.0 
 
94% 
 
Canada 
 
0.1 
 
15% 
 
European Union 
 
0.1 
 
15% 
 
United States EPA’s MCL 
 
0.066* 
 
12% 
 
California EPA’s PHG 
 
0.0004*
 
 
Nil 
 
United Kingdom 
 
0.1 
 
15% 
 
World Health Organization 
 
0.1 
 
15% 
* These guideline values are derived from US EPA’s MCL and California EPA’s PHG for radium-226 
and radium-228 concentrations and converted to annual radiation doses from the consumption of 2 
litres of water per day. 
 
 
5.1.4  California EPA’s Public Health Goals (2006) 
 
The California  EPA’s  PHG for Ra-226 and Ra-228 in DW equate to radiological 
guideline values of 0.0004 mSv y
-1 and 0.0004 mSv y
-1 respectively (Table 5.1) and on 
an individual basis are approximately 2,600 (Ra-226) and 2,800 (Ra-228) times lower 
than the current ADWG value of 1.0 mSv y
-1. Table 5.2 shows a comparison of the 
conversion of the US EPA’s MCL and the California EPA’s PHG for Ra-226 and Ra-
228 concentrations to annual dose levels for adults from the consumption of 2 litres of 
DW per day. 
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Table 5.2  
 
Comparison and Conversion of US EPA’s MCL and the California EPA’s PHG for 
Radium-226 and Radium-228 Concentrations to Annual Dose Levels for  
Adults
 
 from the Consumption of 2 Litres of Drinking Water Per Day  
 
Radium-226 
Bq/L 
 
Radium-228 
Bq/L 
 
Annual Dose 
mSv y
-1 
U
S
 
E
P
A
’
s
 
M
C
L
   
0.185 
 
Nil 
 
0.038 
 
Nil 
 
0.185 
 
0.093 
 
Combined 
 
Average 
 
0.0925 
 
0.0925 
 
0.066 
C
a
l
i
f
o
r
n
i
a
 
E
P
A
’
s
 
P
H
G
   
0.00185 
 
- 
 
0.0004 
 
- 
 
0.0007 
 
0.0004 
 
 
 
5.1.5  Summary of Results and their Significance 
 
The comparison of radiological safety standards for DW of various countries in relation 
to the radiation levels found in DW samples from WA in this study indicates a 
significant difference in the results as illustrated in Table 5.1. This is because there is a 
difference between the ADWG values and the radiological safety guideline values of 
various countries that have been set for DW water quality standards.  
 
The ADWG value was the same as the current guideline value for Canada, the European 
Union, the US and the WHO up until 1996. It would appear that reason why the ADWG 
value for radiological safety parameters increased by a factor of ten to 1.0 mSv y
-1 
making it 10 times higher than many other developed countries was based largely on 
economics and recommendations of the ICRP and the NHMRC (ICRP, 1991: NHMRC, 
1995: Lokan, 1998: ICRP, 2000: ADWG, 2004). Nevertheless, the author also suggests 135 
 
that one only has to look at the right hand side of Tables 4.1 to 4.9 presented in Chapter 
4 – Results, to gain a better understanding as to why the ADWG value for radiological 
safety parameters may have been increased by a factor of ten in 1996. Thus the ADWG 
value of 1.0 mSv y
-1 is based upon the recommendations of the ICRP and the NHMRC 
that the annual dose is acceptable for normal living from the exposure of radiation from 
all sources (NHMRC, 1995: ICRP, 2000: ADWG, 2004).   
 
5.1.6  Australia’s National Health and Medical Research Council’s 
Justification of the Radiological Safety Parameters in the 
Australian Drinking Water Guidelines 
 
According to the NHMRC and NRMMC (2004) the radiological guideline values within 
the ADWG were based upon the WHO’s Guidelines for Drinking Water  Quality 
published in 1993. Nevertheless the NHMRC and NRMMC states that the guideline 
values for radioisotopes in the ADWG differ from the recommendations of the WHO 
due to two factors:  
 
(i)  “The ADWG use an average adult weight of 70 kg comparable with other      
developed countries such as Canada whereas WHO uses 60 kg which caters for 
lighter body weights found in developing countries and hence the use of a higher 
average weight can sometimes yield a slightly higher guideline value. 
(ii)  For carcinogens WHO uses a risk assessment based upon the guideline value set 
at a concentration that would result in a risk of one additional cancer per 
100,000 whereas the ADWG values for carcinogens are based upon: 
  - the limit of determination based upon the most common analytical method, 
  - the concentration, calculated by the WHO using a risk assessment model that 
could give rise to a risk of one additional cancer per million if water containing 
the carcinogen was consumed over a lifetime, 136 
 
  - a value based upon a threshold effect calculation with an additional safety 
factor for potential carcinogenicity” (NHMRC and NRMMC, 2004). 
 
The NHMRC and NRMMC maintain that frequently the values determined from these 
two types of calculations are very similar and that the difference between them is 
assessed as follows:  
 
1.  “If the limit of determination gives an adequate degree of protection (i.e. is 
within a factor of 10 of values determined from health considerations), it has 
been used as the guideline value. If the limit of determination is much lower than 
values determined from health considerations, then the  lower of the two 
calculated values has been used. If, conversely, the calculated value is much 
lower than the limit of determination, then the calculated value is used, but with 
a note that it is lower than the practical limit of determination. Improved limits 
of determination are required for such compounds, and 
2.  The approach used for carcinogenic compounds in the ADWG is believed to 
lead to a more balanced assessment of the health risks, and is similar to that 
adopted in other Countries (e.g. Canada). Whether the assumed risk should be 
one in 100,000 or one in a million is a value judgment. However, the greater 
degree of protection afforded by a risk of one in a million is generally consistent 
with calculations based on a threshold approach, and is in line with the high 
expectations of Australian consumers” (NHMRC and NRMMC, 2004). 
  
The author is of the view that the above justification is inconsistent with the decision to 
lift the ADWG radiological guideline value from 0.1 mSv y
-1 to 1.0 mSv y
-1. It is also 
inconsistent with the DW  radiological guideline values that have been set by other 137 
 
leading developed countries and furthermore, the NHMRC’s and NRMMC’s 
assumption that the ADWG value of 1 mSv y
-1 (at least 10 times higher than other 
leading developed countries) is “in line with the high expectations of Australian 
consumers”, is questionable.  
 
 The author
  who has had more than 25 years work experience as an environmental 
health officer in WA is of the view that the Australian public would not agree with the 
NHMRC’s and NRMMC’s assumption and explanation as to why the ADWG 
radiological safety value should be at least 10 times higher than that set by other leading 
developed countries. However, the following excerpt from the ADWG (Section 10.5) 
summarizes the NHMRC’s and NRMMC’s attitude towards the public health necessity 
for radiological monitoring of DW in Australia: 
 
“Monitoring of small water supplies should be based on the principle that it is 
much more effective to test for a narrow range of key characteristics as 
frequently as possible, supplementing this with sanitary inspection, than to 
conduct comprehensive but lengthy (and possibly largely irrelevant) analyses 
less often. In addition to health-related characteristics, small communities need 
to include other analyses relevant to the operation and maintenance of water 
treatment and distribution systems. As a minimum, small community supplies 
should be monitored for the four characteristics that best establish the hygienic 
state of the water and the potential for other problems to occur: 
• indicator microorganisms 
• disinfectant residual 
• pH 
• turbidity” (NHMRC and NRMMC, 2004).  138 
 
The author
1
 
  believes that the above section within the ADWG indicates that the 
NHMRC and NRMMC are largely recommending that DW supplies, particularly those 
in small communities should only be monitored to determine the hygienic state of the 
water. These parameters are largely geared to maintain the aesthetic nature and ensure 
the disinfection of DW supplies. This is perhaps confirmed by the first guiding principle 
outlined within the ADWG: 
“The greatest risks to consumers of drinking water are pathogenic 
microorganisms. Protection of water sources and treatment are of paramount 
importance and must never be comprised” (NHMRC and NRMMC, 2004, p. 1-
1).  
 
Although the above guiding principle is unquestionable, what must be understood is that 
pathogenic microorganisms do have the potential to cause serious diseases and harmful 
chemicals are no exception either. However, the difference is quite distinct as the nature 
of the manifestation of symptoms of disease is vastly different. That is, pathogens cause 
acute symptoms of disease, whereas in the case of harmful chemicals, particularly in 
regard to the accumulation of low levels of contaminants, such as radionuclides, the 
manifestation of disease is usually of a chronic nature.  
 
                                                 
1 The author’s experience includes:  
 
•  being responsible for the submission of 23% of all food and water samples to the Western Australian 
Local Health Authorities Analytical Committee for chemical analysis in 1987-1988; 
•  being the investigating officer in 1988 of the largest food poisoning outbreak that has ever occurred 
in Australia which resulted in the prosecution of the proprietor of several large restaurants within the 
City of Perth; and 
•  initiating and coordinating the DW sampling program that resulted in the Prevelly towniste within 
the Shire of Augusta-Margaret River (Western Australia) being provided with a reticulated scheme 
water supply in 1996 by the Government of Western Australia at a reduced cost from the initial 
quotation of $10 million to $3 million, due to the bacteriological contamination of individual 
drinking water supplies (~92%) that were derived from groundwater sources. 
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The problem with this issue is that the causative contaminants of chronic disease are 
perhaps not as easily recognized and therefore not accepted as being as harmful as 
pathogens. The author is of the view that government public health authorities need to 
be aware of this important distinction.     
 
Ironically, a report published by the WA Government on the environmental health 
needs of Indigenous communities in WA in 2004, revealed that there were 232 (85%) of 
Indigenous communities in Western Australia that were not connected to a town water 
supply (usual population of 13,637) that is, there was a lack of disinfection of their DW. 
Of these communities, 200 (73%) used bore water (12,473 population), 11 (4%) used 
either a soak (42 population) or river/creek (775 population) as their water supply and 
18 (7%) had their water  supply carted (251 population).  Up to 87% of smaller 
communities (usual population < 20) were not using any water treatment for their DW, 
compared to only 36% of larger communities (usual population > or equal to 20). The 
report also revealed that regular testing of these DW supplies was not being carried out 
via the State’s public health system to ensure that the water quality was of a potable 
standard (Government of Western Australia, 2004).  
 
In regard to the monitoring of public DW supplies. The author poses the following 
question. Is it appropriate for the providers of public DW supplies in Western Australia, 
i.e., the WCWA, the Bunbury Water Board (Aqwest) and the Busselton Water Board to 
undertake their own monitoring? Should this work not be done by the DOHWA? The 
author is not suggesting that monitoring  by  the above water service providers  is 
questionable  in any way. However, the fact remains, responsible personnel running 
these organizations generally have training and a background in the field of engineering 
(and therefore they have the same work mind-set which is based on engineering 140 
 
principles), not in public health. The author believes that this is a potential problem 
because the current practice of monitoring of public DW, particularly in respect to 
radionuclide contamination, does not foster sufficient potential for the recognition and 
awareness of this issue. In essence the monitoring of public DW supplies for 
contaminants, including radionuclides, is really a public health matter, and it would 
therefore seem more prudent that this practice be conducted by the DOHWA. 
 
5.1.7  The Lack of Data on Drinking Water Consumption Rates in 
Australia and why it’s necessary 
 
According to Food Standards Australia New Zealand (FSANZ) formerly the Australian 
and New Zealand Food Authority (ANZFA) who control food safety legislation in 
Australia and oversee the Food Standards Code of Australia and the NHMRC and 
NRMMC who oversee the ADWG, apart from the globally acclaimed requirement of 2 
litres of DW per day, there appears to be no official data on DW consumption rates that 
have been published for the Australian population (FSANZ, 2007: NHMRC, 2007). As 
previously discussed in Chapter 2, DW consumption rates are an important factor when 
considering the radiological safety parameters within the ADWG and calculating annual 
effective doses of radiation.  
 
The author is of the view that the widely acknowledged claim that the consumption of 
two litres of DW per day is required to maintain health is scientifically unproven as a 
result of the recent research undertaken by the WHO regarding this matter. Further 
research needs to be undertaken in Australia to determine DW consumption rates for all 
age groups. The irony is that Australia is acknowledged as one of the driest continents 
in the world and the Federal Government is in the process of providing $200 million for 
the funding of community water grants that are designed to save scheme water supplies 
(Australian Government Water Fund, 2006), yet no one knows how much water people 141 
 
in Australia drink on a daily basis. Clearly, there should be a data base on how much 
DW is consumed by all age groups in all regions of Australia.    
 
It becomes evident that there is a need for data on DW consumption rates for various 
age groups to be compiled in order that chemical contaminants and radiological 
concentrations in DW can be analyzed and corresponding contaminant levels and dose 
rates determined. Due to the size of the Australian continent and the vast range in 
climatic conditions, particularly temperature, it would seem appropriate that DW 
consumption rates should be provided for at least the age groups highlighted by the 
ICRP and the WHO. The author is of the view that a 10 year old child living in towns 
like Broome or Carnarvon consumes more DW per day compared to a 10 year old child 
living in the towns of Albany or Busselton.  Thus, simply applying an average DW 
consumption rate, i.e. 2 litres per day, for the whole of WA may not be appropriate in 
the best interests of public health. It is therefore important that the DW consumption 
rate issue be determined on a scientific basis. 
 
 
5.1.8  The Status of the Australian Drinking Water Guidelines 
 
The question is do the radiological safety parameters outlined within the ADWG 
provide sufficient protection for the Australian public? The answer to this question must 
certainly lie with what other countries have set as their radiological safety parameters 
for DW quality. Surely the scientific advisors to the Canadian, European Union, US 
governments and the WHO have adopted a more prudent safety standard which suggests 
that there is a problem with the current radiological safety standards outlined within the 
ADWG (1996). This becomes particularly evident when one considers the new 
California EPA’s PHG (2006) for Ra-226 and Ra-228 maximum contaminant levels in 
DW. 142 
 
 The author is of the view that the currently recommended radiological safety value of 
1.0 mSv y
-1 outlined within the ADWG needs to be reduced to 0.1 mSv y
-1 to be in line 
with the standard, set by other leading developed countries. Attention should be directed 
towards the California EPA’s PHG to evaluate the implementation and development of 
the new Californian EPA’s PHG. More importantly, the radiological safety parameters 
outlined in the ADWG are seriously lacking in detail, that is, the health needs of 
children have not  been considered. This is because the ADWG lists common 
radionuclides that may be found in DW water and only quotes the corresponding dose 
coefficients for ingestion for adults that are published by the ICRP in Publication 72 
(ICRP, 1996).  
 
To source this information for inclusion in such an important document as the ADWG, 
one would have to notice that the ICRP Publication 72 not only cites ingestion dose 
coefficients for individual radionuclides for adults, but also for other age groups as well, 
i.e. 3 months, 1 year olds, 5 year olds, 10 year olds and 15 year olds, all of whom, have 
much higher ingestion dose coefficients compared to adults.  
 
In essence what this means, is that the ICRP believes that any concentration of a 
radionuclide found in DW is much more dangerous to children, from a carcinogenic 
point of view, compared to adults. Perhaps Renee Sharp’s
2
  “I can’t believe regulators haven’t figured out that they need to actually 
consider kids in particular” (December, 2006). 
  comment in email 
communication with the author, on the above subject, sums it up best: 
 
                                                 
2 Renee Sharp is a senior analyst with the US Environmental Working Group (EWG) and provided 
extensive input and testimony in convincing the California Government to pass assembly bill 2342 which 
requires under new law that drinking water standards in California must consider the risks to children and 
ensure that they are strong enough to protect children (EWG, 2005).  143 
 
However, it is worth mentioning that the ADWG are not mandatory legally enforceable 
standards (NHMRC and NRMMC, 2004). Nevertheless, in summary, if the current 
concentrations of radionuclides in public DW supplies in WA are not causing any 
detrimental health effect to the population then no further action should be taken. 
However, if the reverse is true and it can be seen that there are some adverse health 
effects occurring in the population, particularly amongst children, then appropriate 
remedial action should be undertaken immediately by appropriate government 
departments, particularly public health authorities.  
 
 
5.2  The Incidence of Cancer in the Community 
 
5.2.1  The Evidence 
In 2001 Mike Daube, CEO of the Cancer Foundation of WA, was reported as saying 
that the number of new cancer cases diagnosed in WA in the years 1998 and 2001, had 
increased by 18.7%. Mr Daube further stated: 
 (i) “that while an aging population and better awareness programs accounted for 
most of the increase, there were still unknown factors and despite all the efforts 
we are making, cancer is becoming a bigger problem in our society. 
(ii)  while it is encouraging that the increase in the number of deaths is lower than 
the increase in the new cases, both projections should carry a strong message 
– that with all that we have done so far there is a lot more work ahead of all of 
us” (Mirudo, 2001).  
 
The Australian Institute of Health and Welfare has stated that the incidence of cancer in 
the community has risen to make it the leading cause of death among Australians aged 
from 45-64 (Roberts, 2006). According to The West Australian newspaper: 144 
 
(i)  “Cancers are becoming more common in Australian children, according to 
research which highlights how little is known about the causes of childhood 
cancer. On average each year, between 1982 and 1991, the rate of cancers in 
children increased by almost 2%. The most marked increases were reported for 
acute non-lymphoblastic leukaemia, the brain tumor astrocytoma and 
melanoma” (The West Australian, 1996). 
 
Childhood (0-14 years) cancer rates in WA increased by 8% between 1982-1991 and 
1992-2001 and a further 7.2% between 1992-2001 and the period 2002-2005. See 
Figures 5.1 and 5.2. 
 
5.2.2  Are Childhood Cancer Rates in Western Australia 
Significant?  
 
The only way to determine if childhood cancer rates in WA are significantly higher is to 
compare statistical data with other populations and/or countries. Some data are 
presented in Figures 5.12 and 5.2. The author is of the view that data presented indicate 
that childhood cancer rates in WA are significant, particularly when considering the 
childhood cancer incidence for brain and spinal tumors for the period 1982-1991. 
According to an article published in The West Australian newspaper, “Cancers are 
becoming more common in Australian children, according to research which highlights 
how little is known about the causes of childhood cancer. On average each year, 
between 1982 and 1991, the rate of cancers in children increased by almost 2%. The 
most marked increases were reported for acute non-lymphoblastic leukaemia, the brain 
tumour astrocytoma and melanoma” (The West Australian, 1996, pp. 44).  
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It would appear that further research would need to be undertaken to confirm this 
assertion. However, the problem is that the author’s experience has been that 
governments may be reluctant to fund this sort of research and relevant government 
departments certainly do not like members of the public asking questions about 
childhood cancer rates in Australia. Nevertheless, the question remains, why are 
childhood cancer rates in WA ranked as presented in Figures 5.1 and 5.2? It is also 
worth noting that according to Dawson of the Cancer Council of WA, due to the nature 
of the devastating effect that childhood cancer has on families and medical professionals 
involved in the treatment of the disease, not all incidences of childhood cancer end up 
being reported to the WA Cancer Registry (2008). 
 
The author suggests that should any childhood cancer incidence clusters become evident 
in WA, combined with corresponding elevated concentrations of radionuclides in 
relevant public DW water supplies, particularly when considering the increased reliance 
on groundwater for DW due to the effects of declining rainfall over the last 20 years and 
the present issue of climate change, a research project could be undertaken to test 
whether any correlation exists between disease incidence and the presence of 
radionuclides in DW water. This would be a relatively inexpensive option for 
government as the study would only need to run for 14 years and it may save money in 
the future by offsetting the cost of cancer and other disease treatment.       
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Childhood Cancer Incidence 
 Age-Standardized Rates for Different Countries 1982-2005 
 
Figure 5.1      Childhood Cancer Incidence: Age-Standardized Rates for Different 
Countries. 
 
Sources: Western Australian Cancer Registry. (1982-2006). Series of Annual Reports 
by the Western Australian Cancer Registry from 1982 to 2006 on Childhood 
Cancer Incidence and mortality in Western Australia. Health Department of 
Western Australia/Department of Health, Perth Western Australia, (1982-
2006). 147 
 
Childhood Cancer Incidence 
 Age-Standardized Rates for Different Countries 1982-1991 
 
 
Figure 5.2      Childhood Cancer Incidence: Age-Standardized Rates for Different 
Countries 
 
Source:  Western Australian Cancer Registry. (1996). Childhood Cancer Incidence, 
mortality in Western Australia 1982-1991. Western Australia Cancer Registry - 
Health Statistics, Health Department of Western Australia. Statistical Series 
Number 55, (1996). 
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5.2.3  The Cost of Cancer Treatment in Australia  
The former Federal Minister of Health, Mr Tony Abbott, advised that money spent on 
the Australian health system has doubled to 10 % of Australia’s gross domestic product 
(GDP) since 1960 and future spending is expected to reach 15% of GDP by 2040. On an 
annual basis the cost of treating cancer is approximately $2.9 billion which is about 
5.8% of the $50.1 billion spent each year overall on disease treatment and injury in 
Australia (Roberts, 2006). Table 5.3 provides a breakdown of the cost of cancer 
treatment in Australia for 2001. 
 
Table 5.3 
Cost of Cancer Treatment in Australia 2001 
 
Type of cancer 
 
Total expenditure 
$ millions 
 
Number of new 
cases in 2001 
 
Number of 
deaths in 2001 
 
Non-melanoma skin cancer 
 
254 
 
364,139 
 
431 
 
Colorectal 
 
235 
 
12,844 
 
5,241 
 
Prostrate 
 
201 
 
11,191 
 
2,985 
 
Breast cancer 
 
145 
 
11,314 
 
2,843 
 
Lung 
 
136 
 
8,275 
 
7,740 
 
Leukemia 
 
129 
 
2,516 
 
1,534 
 
Non-Hodgkin’s lymphoma 
 
97 
 
3,499 
 
1,673 
 
Bladder 
 
64 
 
2,954 
 
1,000 
 
Mouth and throat 
 
62 
 
2,686 
 
801 
 
Source: Roberts, in The Weekend Australian, page 18, 25-26 November 2006. 
 
 
 149 
 
5.3  The United States and Australia’s Radiological Safety 
Standards Relating to Drinking Water 
5.3.1  The US EPA’s Position on Radiological Safety Standards 
Relating to Drinking Water   
 
The US EPA launched new legislation (The Final Rule) in December 2000 aimed at 
reducing levels of radionuclides in DW supplies in affected communities. The US EPA 
allocated US $3.6 billion to the project (US EPA, 2000). This is equivalent to AUS 
$235 million when comparing populations. The Final Rule also specifically cited the 
potential for Ra-228 to be a new problem. This was due to the fact that all previous 
radiological monitoring of DW supplies in North America largely focused on the 
detection of Ra-226 and if not detected, it was automatically assumed that Ra-228 was 
also not present. The Final Rule concluded that this assumption was wrong. More 
importantly, as a result of this misconception and the fact that the USA has always been 
at the forefront of radiological DW quality monitoring, it is perhaps little wonder that 
very little research on Ra-228 has been carried out throughout the world to date. This 
combined with the fact that Ra-228 is approximately 2.5 times more toxic than the well 
known Ra-226, will make the detection of Ra-228 a very important parameter in regard 
to the radiological quality of DW supplies in the future.   
   
5.3.2  Comparison of Ra-226 and Ra-228 Found in the United 
States and Western Australian Public Drinking Water 
Supplies  
 
The document, “Public Health Goals for Chemicals in Drinking Water – Radium-226 
and Radium-228”, compiled by the California Office of Environmental Health Hazard 
Assessment (2006) cites two previous surveys carried out in the USA that measured Ra-
226 and Ra-228 concentrations in the nation’s public DW supplies. The first survey was 
carried out by the US EPA in 1988 and the second was carried out by the US Geological 150 
 
Survey (USGS) in 1998. The results of these surveys are presented in Table 5.4 and are 
compared with the results of this study.  
 
Table 5.4 
 
Comparison of Radium-226 and Radium-228 Concentrations 
Found in the United States and Western Australian 
Public Drinking Water Supplies 
 
Country 
 
Radionuclide 
 
Mean 
(mBq/L) 
 
Maximum 
Value 
(mBq/L) 
 
Number of 
Samples 
United 
States* 
(US EPA 
1988) 
 
Radium-226 
 
15 
 
555 
 
990 
 
Radium-228 
 
26 
 
444 
 
990 
 
United States
* 
(USGS 1998) 
 
 
Radium-226 
 
59 
 
630 
 
99 
 
Radium-228 
 
78 
 
2,680 
 
99 
Western 
Australia 
(2005-2006) 
 
Radium-226 
 
33 
 
151 
 
52 
 
Radium-228 
 
47 
 
296 
 
52 
 
                           *Source: (OEHHA, 2006). 
 
The above results indicate that the mean concentrations of Ra-226 and Ra-228 found in 
US and WA public DW supplies are similar. It is believed that the WA results are 
significant and that a larger survey is warranted, particularly incorporating the north 
west of the State based on the measurements of the Broome water sample and 
acknowledgement of the much warmer climate and hence the anticipated higher DW 
consumption rates. It is also believed that the ability to be able to acidify water sampling 
containers prior to filling the containers with water samples in future surveys will 
enhance the accuracy of radionuclide concentration measurements. 
 151 
 
5.4  Supporting Evidence for the Introduction of the 
California  EPA’s  Public Health Goals (2006)  for Ra-226 
and Ra-228 in Drinking Water 
 
Scientists have known for some time that exposure to radium isotopes can increase the 
risk of animals and humans developing cancer (OEHHA, 2006: US EPA, 2006: USGS, 
1998-1999). Human studies have largely focused on radium dial painters who showed 
an increased incidence of bone and head cancers. Rowland et al. (1978) concluded that 
one µCi of Ra-228 was approximately twice as effective in producing bone cancers as a 
µCi  (37,000 Bq) of Ra-226 (OEHHA, 2006). Petersen et al. (1966) studied 
approximately 1 million people living in Iowa and Illinois who had an average of 0.174 
Bq/L of Ra-226 in their DW and found that compared to controls those exposed had 
marginally elevated fatalities from bone cancers (OEHHA, 2006). Bean et al. (1982) 
also studied small communities in Iowa and found a correlation between increasing 
radium concentrations in DW and increased incidence of bladder and lung cancer in 
males, and breast and lung cancer in females. These findings were not conclusive as 
indoor radon levels were not measured and these cancers were not observed in radium 
dial painters (OEHHA, 2006). Lyman et al. (1985) studied the correlation between 
radium concentrations in groundwater and leukemia incidence in Florida. The study 
found a small but consistent excess of leukemia in high exposure areas although no 
dose-response was observed. These findings were not conclusive either, as increased 
incidence of leukemia has not been observed in radium dial painters (OEHHA, 2006).    
 
Mays et al. (1985) also found an increased incidence of non-malignant diseases in 
patients that had been injected with high doses of Ra-224 (1.1 x 10
7 Bq). Such diseases 
included benign bone growths, severe growth retardation in children, tooth breakage, 
kidney and liver disease and cataracts (OEHHA, 2006). The above studies have also 
confirmed that radium behaves similarly to barium (ICRP 1993) and calcium in the 152 
 
body and is therefore deposited mainly in bones and only to a fewer extend in soft 
tissues with the exception of the excretion organs. Scientists believe that radium 
deposition in bone acquired during periods of growth tends to remain higher than the 
deposition acquired by mature bone. This according to OEHHA (2006) would make 
children the more sensitive population in the community of exposure to radium isotopes 
as the deposition of radium is believed to be greater in bone that is undergoing rapid 
remodeling although also the removal is believed to be greater, but the first factor seems 
to be prevailing.   
 
5.5  The Problem with Radium and Climate Change in 
Western Australia 
5.5.1  The Problem with Radium in Relation to Human Health 
 
The US EPA 1999 report, Cancer Risk Coefficients for Environmental Exposures to 
Radionuclides, classifies all emitters of ionizing radiation as Group A carcinogens 
(OEHHA, 2006). The problem with radium in relation to human health is twofold. First, 
radium accumulates to a greater extent in the human body compared to most other 
radioisotopes and therefore it poses the greater cancer risk (USGS, 1998). Secondly, 
radium isotopes, particularly Ra-226 and Ra-228, are considered to be the most 
common radionuclides found in DW (US EPA, 2000: ADWG, 2004). The US EPA 
(2006) and ICRP (1993) believe that approximately 80% of radium that is ingested is 
excreted with the faeces with the other 20 % being retained and deposited in soft tissue 
and bone. Bone tends to absorb and accumulate more radium than soft tissue (ICRP, 
1993: OEHHA, 2006) rather than allowing it to be excreted and removed from the body 
(USGS, 1998). Studies have found that Ra-226 is transferred to bone at a higher rate 
during periods of rapid growth compared to during adulthood or periods of slow growth 
(OEHHA, 2006). According to Katzlberger (2000), Ra-228 is more than 2.5 times more 153 
 
radiotoxic to humans than Ra-226 because its progeny have higher retention in the 
tissue. This assumption is supported in the ICRP’s published dose coefficients (for 
ingestion) for individual radionuclides, including radium isotopes (ICRP, 1996).   
 
In regard to the retention of radium in the body, on one hand the US EPA believes that 
once radium is attached to bone it remains in the body for the person’s entire life (US 
EPA, 2006) whereas the ICRP (1993) and the OEHHA (2006) are of the view that 
initial skeletal retention decreases by approximately 10% during the first month and 
gradually decreases further to approximately 1% after 25 years. According to the ICRP 
and OEHHA, initial retention in soft tissue may represent approximately 20% of total 
absorbed radium during the first few weeks after ingestion but this deceases to a much 
lower fraction after a longer time period (ICRP, 1993: OEHHA, 2006). The author is of 
the view that there is not only a difference of opinion regarding this matter, but more 
importantly, comments made by the ICRP and OEHHA regarding the residual nature 
and bioaccumulation rate of radionuclides in the human body, seem to only assess the 
effects of single doses on human subjects (OEHHA, 2006). The problem with this is 
that the daily consumption of DW containing elevated levels of radionuclides, is not a 
once-off event.   
 
5.5.2  The Potential of Climate Change to Increase Radium 
Concentrations in Western Australian Drinking Water  
 
It is widely acknowledged that declining rainfall in WA will result in an increased 
demand for alternative water sources. The State has already implemented its first 
seawater desalination plant in Perth and it has been mooted that water from the Ord 
River located in the Kimberley region in the North West of WA could be piped to Perth. 
Unfortunately, both of these projects are expensive. The remaining alternative water 
source is probably the preferred option because it is the least expensive. The option is 154 
 
likely to be a greater reliance on the use of groundwater resources, and herein lies the 
problem for Western Australians.   
 
There is the potential for radium isotope concentrations to increase in groundwater 
resources in WA as explained below and utilizing them as DW sources poses a potential 
health risk to the community and an increase in the future cost of treatment of disease. 
The reason for this problem is twofold. First, as the pollution of groundwater resources 
from agricultural pursuits (due to nitrification) continues, resulting in the formation of 
more acidic groundwater which enhances the extraction of radium from exchange sites 
on clay minerals into the groundwater (Vengosh, 2006). Secondly, groundwater is 
ultimately likely to be derived from deeper aquifers in WA. Groundwater from deep 
aquifers is generally oxygen-depleted and richer in radium isotopes. Shallower 
groundwater tends to be highly saline (Vengosh, 2006) and high salinity is also often 
correlated with elevated radium levels, so both predicaments will result in the formation 
of higher concentrations of radium isotopes in groundwater resources and ultimately in 
DW water sources.  
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CHAPTER 6 
6.0  CONCLUSIONS 
6.1  Summary 
This research project was chosen after consultation with staff at the Radiation Health 
Branch of the DOHWA revealed that there was the potential for DW supplies in the SW 
of  WA to contain high levels of radionuclides due to the predominant use of 
groundwater for domestic consumption and the high radioactivity content of some of the 
soils and ground rocks in the SW of WA. The  goal  of this study  was to test the 
hypothesis and investigate whether elevated levels of uranium and thorium progeny 
occurred in public DW supplies in the SW of WA. 
 
This thesis gives an overview of the naturally occurring radionuclides in DW supplies in 
the SW of WA and has also focused on the health requirements of children and not just 
adults, in respect to the setting of radiological safety standards for DW. It challenges the 
validity of the current radiological guideline value for DW outlined within the current 
ADWG (2004). The reason for this approach is attributed to the fact that the provisions 
of the ADWG appear to have ignored the health needs of children in regard to the 
setting of radiological safety guidelines, i.e. the annual radiation dose limit from the 
consumption of DW. This research revealed that in order to calculate the annual 
radiation dose rate for adults as has been done within the ADWG one must use the 
ICRP’s dose coefficients for specific radionuclides published in ICRP Publication 72 
(1996). To do this, one must look up the specific dose coefficient. However, these dose 
coefficients differ for the various age groups, being much higher for children than 
adults. This means that according to the ICRP (1996), a radiologically contaminated 156 
 
DW supply is more hazardous to the health of children in comparison to adults, even 
when higher consumption rates are used for adults.  
 
In addition to the above, and in regard to the previous version of the ADWG (1996), the 
radiological guideline value was set at 0.1 mSv y
-1,
 whereas today in the current version 
of the ADWG (2004) it is set ten times higher at 1.0 mSv y
-1. Although the NHMRC 
appears to have justified the reason for the increased guideline value (NHMRC, 1995: 
NHMRC and NRMMC, 2004), the author believes that the reason the guideline value 
was increased by a factor of ten may be related to the implications of the results 
presented in Chapter 4 of this thesis (See Tables 4.1 to 4.9).  
 
Prior to this work very little published data was available on the subject of radioisotopes 
in DW supplies in WA. Some of the isotopes, such as Ra-228 and Po-210, are difficult 
to measure in low concentrations and therefore specialized techniques were required for 
this work. A secondary aim of the project was to develop faster, reliable techniques for 
measuring low levels of naturally occurring radioisotopes in DW for possible future use 
in ongoing surveys.  
 
6.2  Results 
All DW samples were analyzed for Ra-226, Ra-228 and Pb-210. Twenty five of the 
samples were analyzed for Po-210 and twenty three of the samples were analyzed for U-
234 and U-238. Ra-224 was only found in one sample.  Radionuclide activities in the 
DW samples ranged from: 
•  < 5 to 77.7 mBq L
-1 for Ra-224,  
•  3.2 to 151.1 mBq L
-1 for Ra-226,  157 
 
•  < 4 to 296.1 mBq L
-1 for Ra-228,  
•  < 2 to 13.4 mBq L
-1 for Pb-210, 0.6 to 21.7 mBq L
-1 for Po-210,  
•  0.6 to 12.8 mBq L
-1 for U-234 and 0.4 to 14.3 mBq L
-1 for U-238.  
The mean concentrations were: 
•  1.5 mBq L
-1 for Ra-224,  
•  32.6 mBq L
-1 for Ra-226, 
•  47.3 mBq L
-1 for Ra-228,  
•  0.7 mBq L
-1 for Pb-210, 7.1 mBq L
-1 for Po-210, 
•  3.3 mBq L
-1 for U-234 and 2.3 mBq L
-1 for U-238.    
 
An annual dose was calculated for various age groups based on the relevant ICRP dose 
coefficients for the ingestion of these radionuclides. The latest WHO recommended 
daily requirements for DW for adults and the US NAIMFNB’s latest recommended 
adequate DW intakes for adults and children were used.  
 
6.3  Findings 
The annual dose received from DW by the population in the WA communities whose 
DW supplies were sampled, ranged from 0.002 to 2.059 mSv y
-1 with the mean annual 
dose being 0.151 mSv y
-1. The main contributing radionuclides to the annual dose were 
Ra-226 and Ra-228. These can contaminate groundwater and consequently have the 
potential to have an adverse impact on human health as the majority of public DW 
supplies in WA are derived from groundwater sources.  
 158 
 
In summary, of the 52 DW samples taken from communities in WA:  
•  94% complied with the current radiological guideline value within the ADWG,  
•  15% complied with the Canadian, European Union and the WHO’s radiological 
guideline value for DW,  
•  12%  complied with the US EPA’s radiological guideline for DW, and  
•  none of the samples complied with the new California EPA’s PHG for Ra-226 
and Ra-228 in DW.  
 
6.4  Recommendations 
The recommendations arising as a result of carrying out this research are: 
(i)  The findings of this research project should be made known to the 
DOHWA and to the NHMRC of Australia. 
(ii)  The NHMRC of Australia should consider reviewing the radiological 
safety provisions contained within ADWG (2004) baring in mind the  
radiological DW guideline values of other countries and the WHO.  
(iii)  The NHMRC  of Australia  should  consider Professor Fiona Stanley’s 
(Australian of the year 2003) view and “put children first”,  when 
determining the radiological guideline value within the ADWG.  
(iv)  The NHMRC of Australia should consider that the community is made up 
of different age groups and therefore the corresponding dose coefficients 
for specific radionuclides  and the individual age groups listed and 
previously publicized by the ICRP in 1996 should be used when 
calculating annual radiation dose rates. It should also be acknowledged 
that everyone does not drink the widely acknowledged two litres of water 159 
 
each day, especially when the vast range of climate zones in WA are 
considered.  
(v)  The NHMRC of Australia should determine the average daily DW intake 
for the various age groups in all climate zones in Australia so that accurate 
calculations can be made when determining not only annual radiation dose 
rates, but also concentrations from other DW contaminants. 
(vi)  The NHMRC of Australia should consider funding further research for a 
comprehensive radiological survey of public DW supplies in WA.  
(vii)  The NHMRC of Australia should consider funding further research to 
determine whether there is correlation of childhood cancer incidence in 
WA and the level of radioactivity in DW supplies. A comparison should 
be made with other countries with similar elevated radium concentrations 
in DW supplies (e.g. Finland, Germany, Spain, Sweden, Ukraine and the 
USA) although being mindful of UNSCEAR’s view about the validity of 
epidemiological studies where study groups are small in numbers (UNSCEAR, 
2006a). 
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APPENDICES 
The results of alpha and/or beta spectra of radium-224, radium-226, radium-228 and 
lead-210 detected and measured in Western Australian drinking water samples using a 
Quantulus 1220
TM  Liquid  Scintillation  Counter are presented in the Appendices – 
Appendixes 1-75. 
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                  Channel 
Appendix 1  Joondalup – showing alpha and beta spectra of water sample measured with 
a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
                 Channel 
Appendix 2  Joondalup – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
C
o
u
n
t
s
 
228Ra = 40.7mBq/L 
 
 
226Ra = 19.5 mBq/L 
 
Pink line = betas 
Green line = background  
Blue line = alphas 
Pink line = betas 
Green line = background  
Blue line = alphas 
 
C
o
u
n
t
s
 162 
 
 
                 Channel 
Appendix 3  Ardross – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 4  Settlers Hills – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 5  Settlers Hills – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                      Channel 
Appendix 6  Secret Harbour – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                  Channel 
Appendix 7  Secret Harbour – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                   Channel 
Appendix 8  Meadow Springs – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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               Channel 
Appendix 9  Meadow Springs – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                 Channel 
Appendix 10  Port Bouvard – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 11  Preston Beach – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
               Channel 
Appendix 12  Myalup – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 13  Binningup No. 1 – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                   Channel 
Appendix 14  Binningup No.2 – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                  Channel 
Appendix 15  Westgarth – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 16  Westgarth – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 17  Eaton - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                    Channel 
Appendix 18  Eaton (Repeat 1) - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                  Channel 
Appendix 19  Eaton (Repeat 1) - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
 
                 Channel 
Appendix 20  Eaton (Repeat 2) - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 21  Eaton (Repeat 2) – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                    Channel 
Appendix 22  Australind – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 23  Australind – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 spectrometer. 
 
 
                Channel 
Appendix 24  Burecup No. 1 - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 spectrometer. 
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                  Channel 
Appendix 25  Burecup No. 2 - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                Channel 
Appendix 26  Dardanup - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                Channel 
Appendix 27  Dardanup (Repeat 1) – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
 
                Channel 
Appendix 28  Dardanup (Repeat 1) – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                 Channel 
Appendix 29  Dardanup (Repeat 2) - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                 Channel 
Appendix 30  Dardanup (Repeat 2) - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                Channel 
Appendix 31  Glen Iris – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
 
                Channel 
Appendix 32  Bunbury CBD – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                Channel 
Appendix 33  Bunbury CBD – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 34  Bunbury South – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                Channel 
Appendix 35  Donnybrook No.1 – alpha and beta spectra of water sample measured with 
a Quantulus
TM 1220 Liquid Scintillation Counter. 
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Appendix 36  Donnybrook No. 1 – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                 Channel 
Appendix 37  Donnybrook No. 2 – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 38  Donnybrook No. 2 – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 39  Greenbushes – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
 
                 Channel 
Appendix 40  College Grove – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                 Channel 
Appendix 42  Dalyellup – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                   Channel 
Appendix 43  Peppermint Grove – alpha and beta spectra of water sample measured with 
a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 44  Capel – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
 
                    Channel 
Appendix 45  Capel – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 46  Boyanup – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                    Channel 
Appendix 47  Hobson Street – alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                      Channel 
Appendix 48  Kent Street Busselton – alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                       Channel 
Appendix 49  Busselton High School– alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 50  Busselton High School– alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                     Channel 
Appendix 51  Mandalay Busselton - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                      Channel 
Appendix 52  Dunsborough - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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Appendix 53  Dunsborough - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 54  Yallingup - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                 Channel 
Appendix 55  Margaret River - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 56  Augusta - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 57  Northcliffe - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                   Channel 
Appendix 58  Denmark - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                Channel 
Appendix 59  Mount Barker - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                  Channel 
Appendix 60  Albany - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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Appendix 61  Albany CBD No. 1 - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                  Channel 
Appendix 62  Albany CBD No. 1 - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                    Channel 
Appendix 63  Albany CBD No. 2 - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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                    Channel 
Appendix 64  Albany CBD No. 2 - alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 65  Cheynes Beach - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                 Channel 
Appendix 66  Cheynes Beach - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                   Channel 
Appendix 67  Vancouver Springs -  alpha and beta spectra of water sample measured 
with a Quantulus
TM 1220 Liquid Scintillation Counter. 
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               Channel 
Appendix 68  Many Peaks - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                Channel 
Appendix 69  Many Peaks - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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                Channel 
Appendix 70  Hopetoun - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
                  Channel 
Appendix 71  Wellstead - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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            Channel 
Appendix 72  Esperance - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
  
 
          Channel 
Appendix 73  Esperance - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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         Channel 
Appendix 74  Broome - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
 
 
          Channel 
Appendix 75  Broome - alpha and beta spectra of water sample measured with a 
Quantulus
TM 1220 Liquid Scintillation Counter. 
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